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The experimental program is aimed at an understanding of the physics
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Y

necessary for the design of lasers which are excited by electron impact.

We measure electron impact excitation cross sections, optical branching
ratios of the subsequent decays, excited state lifetimes, polarization

of radiation, collisional deactivation and energy transfer rates. We also
£ measure cross sections for the excitation of fine structure levels and

" alignment and orientation parameters. The measurements are performed

with sufficient electron energy resolution so that the role of resonances

rXBL

in the excitation process may be studied.
The experiments thus far have been carried out in two apparatuses. In

k . one apparatus a pulsed electron gun with less than 500 p sec cut off is used

to excite atoms or molecules contained in a gas cell. Time resolved
spectroscopy is used to study prompt and delayéd excitation functions, life-

times, quenching cross sections, collisional energy transfer rates and branching
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ratios. In a second apparatus an electron beam is cross fired with an atomic

—
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or molecular beam target. Electrons which have excited a particular state R
of the target are detected in delayed coincidence with photons emitted in

the decay of that target state in the scattering plane. For a particular

electron impact energy the angular correlation function for a particular
excitation is studied. From this information, cross sections for exciting

fine structure levels, alignment and orientation parameters, target multipole
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moments, and even excited state wave functions within an arbitrary phase

Les

factor are extracted. A third apparatus has been recently constructed.

o

In this apparatus an electron beam will be cross fired with a very well

collimated neutral beam source. A tunable dye laser will be interacted
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with a target neutral beam to select a particular target state. Following
the electron impact a second tunable dye laser will be used to interrogate
the scattered neutrals as to their final states. This laser spectroscopy
technique will allow an energy resolution of about 5 x 10-8 eV which
represents an improvement of about 5 1/2 orders of.magnitude_in every

resolution over the standard technology used in this type of experiment.

Present Results

We have developed a phase shift analysis of relativé differential cross
section measurements to very accurately place such measurements on an
absolute scale. We have used this method to analyze all previous differential
elastic cross section measurements for e-He scatéering. This is discussed in
detail in Publication (1).

We have used apparatus I to measure the prompt and dclayed excitation
functions of the b3’ and d’A states of CO. We have also used this apparatus

to study the optical decay of these states in delayed coincidence to make
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definite measurements of the lifetimes and quenching cross sections for these
states. In addition we have extracted the (d + x)/(d + a) branching ratios,
for the v' = 4, 5 levels from our data. The apparatus, technique used and

results obtained arc described in Publications (2) and (6). Briefly, our
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measured lifetimes take account of the presence of cascades. This fact has
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not been accounted for in the analysis of previous measurements.
The second apparatus was to measure the electron photon angular correlation

function in the scattering plane for excitation of the ZIP state of He for

r s
-

electron energies from 80 to 500 eV and for a range of electron scattering
angles from 5° to 100°. This work is described in Publications (3), (4),

' and (5). We havc used the measurements together with other measurcments to
examine the behavior of the Fano-Macek alignment and oricntation parameters

for clectron encrgics from 40 to 500 cV.
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The angular correlation measurements are only in agreement with
one calculation (the distorted wave calculation of Madison) over the
4 ) entire energy and angular range. The study of the alignment and orientation
! has allowed us to explain this scattering process in terms of the small
angle scattering being due to the attractive atomic polarizibility and the
large angle scattering as being due to repulsive scattering from the bound
electrons over the entire energv range.

Professor Golden has been asked to give an invited talk on Electron-
Photon Correlation in Electron Impact Excitation at the next annual DEAP

Meeting in Los Angeles.
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From: COHERENCE AND CORRELATION 1M ATOMIC COLLISICNS
Edited by H. Kieinnoppen and J.F. Williams '
(Plenum Publishing Corporation, 1930)

7

Correlation
in Electron—-Atom Excitation

D. E. GoLpeN AND N. C. STEPH

The use of delayed coincidences and photon polarization measurements to study
correlation effects in electron-atom inelastic scattering is detailed. Sources of sysiematic
error in experimental results with respect 1o determination of the correlation parameters
A and x for helium are discussed. The results of several calculations are compared to
the experimental data for the 2'P, state of helium.

Correlation, which indicates a lack of internal independence, has not been discussed
as such in the atomic physics literature until relatively recently. However, correlation
has been discussed extensively in high-energy, nuclear, and solid-state physics. The
underlying idea is that internal symmetries may be uncovered by fixing the external
symmetries in the preparation of an experiment or calculation. This certainly must
be true in any case where structure is attributed to an object. The trick is to figure
out how to probe the structure. For example, by proper experimental design. one
might be able to probe the excitation of fine and even hyperfine levels.

The subject of coherent excitation of different fine and hyperfine levels begins
with the beam-foil measurements in the mid-1960's.* These experiments were aimed
at the measurement of atomic lifetimes by looking at radiation from foils excited
by ion impact. While the measurements were made under supposed zero extarnal
field conditions, oscillations in the light intensity were observed. These oscillations
were attributed to Stark mixing due to a small electric field in the ion beam itself.*

t See, for example, Reference 1.
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86 ' D. E. Golden and N. C. Steph

However, the correct explanation, given by Macek,® is that the oscillations were
beats due to interferences between the various hyperfine levels. Thus Macek postu-
lated the coherent excitation of fine and hyperfine levels.

Correlation effects in electron-atom excitation were first studied in a scattering

experiment using the technique of delayed coincidence.'® While this measurement.

technique has been used extensively in nuclear physics,'’ it is only relatively recently
that it has become widely used in atomic physics. It was first used to study atomic
lifetimes in 1955.% Since that time it has been used to study ionization, ' excitation
of metastables,” energy transfer from a metastable to radiating state,'® and to
separate excitation cross sections for levels that could not be separated in a scattered
electron detector.® This last application has most recently been used to separate
the 3°D and 3'D excitation cross sections in Kr by McGregor and Kleinpoppen at
the University of Stirling. These levels are separated by only 0.0004 eV and so this
experiment would not be possible within present electron cnergy analyzer technology
without the use of the delayed coincidence technique.

The work of Macek'® was cxtended by Macek and Jaecks!®’ to point out that
more insight regarding inelastic scattering could be obtained by studying angular
correlations between inelastically scattered electrons and photons from the decay
of an excited state than from the measurement of an inelastic cross section. The basis
of the work of Macek and Jaccks''® is the first consistent theoretical treatment of
electron impact excitation due to Percival and Scaton®™? and the notion of Macek®
that radiation from different fine and hyperfine levels introduces oscillatory terms
into the radiative decay of atums. Macek and Jaecks!'® took the magnetic substates
to be excited coherently and developed a time-dependent theory. This theory has
been reformulated by many others. Most recently the subject of electron-photon
angular correlations in atomic physics has been reviewed by Blum and Klein-
poppen.t® In this work the ¢ —-H correlation parameters are also Jdeveloped for the
first time,

The first electron-photon angular correlation measurements were reported by
Eminyan et al.'® for excitation of the 2'P state of helium. We should point out that
the kind of information to be obtained can also be obtained from experiments with
laser-excited atoms such as have been performed at Kaiserslautern and New York
University. However, the interpretation of the data is less clear-cut because the
laser excites some distribution of excited states. Electron-photon angular correlations
have since been studied in Ne and Ar by the Flinders group, in Kr and Hg by the
Stirling group, in H, by the Kaiserlautern group, and in Ar and H by the Windsor
group. However, the interpretation of the results of scattering from targets other than
helium is incomplete, as was pointed by Slevin and Farago"® for argon.

The standard way to treat the 2'P state of helium is to describe it by a coherent
superposition of the degenerate sublevels and neglect spin-orbit and spin-spin interac-
tions in the collision. In addition, the 2'P state will be ¢xcited from the 'S state in a
ficld free region. With reference to Figure [, the electrons are incident along the Z
direction and both the scattered electron detector and the photon detector are free
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Correlation in Electron-Atom Excitation _ 87
gas
beam hv det.
{1
¢ o
e beam
Y z
e det
Figure 1. Schematic diagram of the electron—photon coincidence x
experiment in the scattering plane. v VY

to move in the X-Z plane, which is the scattering plane. In this case the excitation
amplitudes, a,, with :n = 0 4 1, are only functions of the electron energy E and the
electron scattering angle 0,. In addition, since there is a mirror symmetry through
the scattering plane, a_, = —a, and the wave function can be normalized such that
the scattering amplitudes a,, are very simply related to the scattering cross sections
for excitation of the sublevels a,,,

|ao|2=a0 X
|al|2=0l . a
lap+2|e =0

where o is the differential cross section for exciting the 2*P level. The relative phase
¥ between a, and g, is simply given by a, = | a4, | e and g, = | q, |. The wave function
at a given E and 0, is completely described within an arbitrary phase factor by a,,

o,, and yx, and the scattering completcly determined by a measurement of these -

parameters. The parameters are determined with the exception of the sign of y by
a measurement of the electron-photon coincidence rate N,, which was given by
Macek and Jaecks,? :

dn, _ cap (1 . VB
T & dE A{Asin?0, + (1 — 2) cos®8, — 2[2(1 — A)]V*cos g sin0,cosB,} (2)
Here 4 = o,/ and
-3 L d
A= g7 = e -eno

where l; is the incident electron beam current, p(z) is the density of the target atoms
in the interaction volume, 3'/y is the branching ratio for the dccay of the 2'P state,
¢, and ¢, are the detector efticiencies, and e is the clectron charge. Since the sigie of
% is not given by cquation (2) this must be determined by a separate measurement
such as the polarization of the radiation. We can rewrite equation (2) as the sum of
two cosine functions as follows:

TQ—‘%—JZ £ 1Q1 — cos 1) cos¥(B, — B) -+ (1 + cos x) cos’®, + )]

== Af(l, xs 0)') 3)
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88 ‘ D. E. Golden and N. C. Steph :

where sin 8 = 4. When cos x = 1, the first term in equation (3) may be neglected :

so that ‘;

ch A . 2 ’ . i

m = (1 + cos x) c<?s (0,, + 5 “) i

. , : 1
Thus, for small 7 we have a simple periodic function whose amplitude depends only g
on y and whose phase depends only on A. This is instructive from the point of view
of unfolding values of 2 and y from measurements of N,. In Figure 2, f(4, 1, 6,) ’ ¥
is plotted as a function of 0, for 4 = 0.48, x = 0.20 (solid line, 1); 2 = 0.48, y = 0.30 3
(dotted line, 2); and for 4 = 0.58, y = 0.20 (dash-dotted line, 3). The difference b
between curves | and 2 is due to about a 2% change in amplitude, which is caused
by a 50% change in |z | so that small errors in amplitude give very large errors
in | x |. The situation in regard to 1 is not quite so bad. The difference between
curves 1 and 3 is about a 5.5° change in phase, which is due to a 20% change in A.

When we perform an experiment, we will study coincidences with detectors

that view finite solid angles for some time T so that equation (3) must be integrated v P
over the solid angles of the detectors and the time. We perform the integration over )
the two solid angles and write

N, 3 J.
e e, L A2, 4,0 5
N, = & 7. S 2,0,) o)

" — - A s e

] 20 40 60 80 100 120 143 160 180
PHOTON ANGLE (DEGREES)

Figure 2. f(1, 7, 0,) vs. photon angle (0,). (1) ——, A = 0.48, = 0.20; (2) ---, 4 = 0.48, y == 0.30;
(3) —-—, 4 =0.58, = 0.20.
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Correlation in Electron-Atom Excitation 89

where
Jc _ I [9(2)/90] dQe dgy dZ

e J To(2)leo) dQ. dz

and N, is the scattered electron rate. For the case where the atomic beam density is

very large compared to the background gas density and uniform over the extent of
the beam and for infinite angular resolution, equation (5) reduces to
N,
N,

3
= &, 42,10 1,6,) . ©®)

Then one counts for a time T at fixed 6, for various values of 0, and fits to the equation

%: = B 1,0,) %

One can then determine the parameters B, A, and cos % as was done by Eminyan
et al.'"¥ Alternatively, for 0, = 7/2, one may write

N, 3 Je x
N8R T ("w T)’l ®)

and coincidence measurements at this angle can be used to obtain 2 as a function of
E and 0,, as was done by Sutcliffe er al."> In addition, the coincidence rate for
photons observed perpendicular to the scattering plane is given by

N = Ko[(1 — 2)sin*¢, + 1] ' ()]

Equation (9) was used by Tan et al.,""® together with measurements of N, at ¢, = 0
and 7/2 to obtain values of A. Also they used a linear polarization filter to obtain
values of A2 and |z |. In this later experiment they studied coincidences between
electrons which had excited the 2'P state of helium and photons perpendicular to the

scattering plane whose linear polarization made an angle § with the incident electron
beam. Then

B N{B=0)
A= N(f=n[4) + N, (f=3=/4) a0
1 —A\v2 _ N(p=n/4) — N(p=3=/4)
o=77) eos = N.B=0) ' )

Now lct us consider the experimental questions: (1) What it the effect of the
finite angular resolution of the detectors? (2) What is the effect of a nonnegligible
background gas density? The effect of the finite resolution of the photon detector
can be seen with the aid of Figure 3, where f(4, , 8,) is plotted for 4 == 0.48 and
% == 0.20 (solid curve). Suppose we assume that this is the “true™ function and
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90 D. E. Golden and N. C. Steph
1.0
0.8
0.6
—
<™
x-
~<
- 0.4
0.2
o T = 4y, o
0 20 40 60 80 100 120 140 160 180

PHOTON ANGLE C(DEGREES)

Figure 3. f(2, x,6,) vs. photon angle (8,). ——, 1 = 0.48, y = 0.20; —.—, obtained by averaging
solid line over 20° intervals to simulate a flat detector respoase over 20°.

ask what is the cffect of a flat detector response over, say, 20°. The effect would be
to draw a new curve that is constructed from points obtained by averaging over
20° intervals from the solid curve of Figure 3. This curve is drawn as a dash-dotted
line in Figure 3. The period of the curve remains the same, but the amplitude is
decreased. As has been discussed above, tfor small x the ettect of decreasing the am-
plitude is to increase the value of x. This change of about 2% in the amplitude looks
like a 509, change in | x |. This effect, as well as a similar effect due to the detection
of photons out of the scattering plane, was corrected for by Eminyan et al.'"* by
using the following equation:
N, 3

L LGP A R () I ()

where x is given by! (1 — AQ,/4=)(1 — AL2,/2x). Of course it is possible to make
AQ, sufficiently small so that the correction represented by equation (12) is un-
necessary. The effect of a finite background gas density is to give too large a mea-
sured value of N/N, at both small and large values of either 0, or 6,. This is a

t Note added in proof. It should be noted that this definition of 3 is slightly different than that
given in Refercnce 14, This typographical crror was pointed out to us by Professor K. B.
MacAdam.
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Correlation in Electron-Atom Excitation 91

correction that is symmeiric about 90° and affects both A and y. This correction
requires knowledge of the solid angles of the detectors, the variation of these
solid angles with path length, and the atomic beam profile, and can be written as
/)., 8,). This expression has been evaluated by Sutcliffe et al!'> for 6, = =2
from auxiliary measurements of elastic angular distributions with the atomic beam
on and with the atomic beam off and the chamber flooded to the same background
gas density as with the beam on. The correction to the data of Sutcliffe et 4l
is plotted as (J,/J,)(8,, 7/2) in Figure 4. One would expect a similar correction to be
obtained if 0, is kept fixed and 6, varied. It should be noted that in the range 40°
< 0, < 140° the graph is relatively flat. Therefore, provided one makes the solid
angle of the detector sufficiently small and avoids both small and large angles, this
correction is unnecessary. .

The problem of measuring the number of coincidences at a given 0,, 8,, and E
can be further complicated by accidental coincidences. These occur when the clock
is started and stopped by electrons and photons from different scattering events and
is given by the product of the two rates 'and the time window of the coincidence
detector '

Ny = N.N, At (13)

An example from the work of Sutcliffe ef a1.'® is shown in Figure 5. The background
is due to the accidental coincidences spread out in time (channel number). Once a
start pulse is obtained the a priori probability of a stop pulse is p. Then the probability
of obtaining a stop in the ith channel is given by P, = (1 — p)'p. Then the back-
ground distribution due to accidental coincidences is given by

Ny, = NN, Atp(1 — pyT (14)

The number of true coincidences is obtained by fitting the background and sub-

>
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0O 20 40 60 80 100 120 140 160 180

CORRECTION FACTOR (Jg/Jed

ELECTRON SCATTERING ANGLE C(DEGREES)

Figure 4. (J,/J.)(0,, /2) vs. electron scattering angle (8,) from Reference 15,

AT REVT CCRET WAL AT W

e

BELL

b

o

Yot ie
A




92 D. E. Golden and N. C. Steph
25
o 20K
=
=2
8
- "__-_.’-\_;...'-,.I\_',"-"" ' )
Figure 5. Coincidence peak for 6, = 71/2,
1SK e — - .
S0 100 150 200 250 $y =, 0.=10° ¢, =0 from Refer
) CHANNEL NUMBER -ence 15.

tracting it from the signal. Since the coincidence rate divided by the accidental rate
is inversely proportional to the gas beam density and the electron current, the back-
ground can be suppressed by lowering these quantities. However, the signal-to-noise
ratio is increased as these quantities are increased, up to the point where resonance
trapping takes place. Then, bearing in mind that not a great deal of attention has
been paid as yet to some of these considerations, the data in helium for A at 80 eV
are presented in Figure 6. The data, for the most part, are in reasonably good agree-
meni beiow 70°. That inciudes data irom Okiahoma, Sutciiic er ai., % BSeifast,

1.0';
08}
0.6¢
A
0.4t
0.2
R SR L I S FOUIUS S SRR SR U WU SRR IIRSD SEpER IS SRR PO S
30 60 90 120 150 180

L

Figure 6, 4 vs. 0, for HeQQ'P -+ 118) at 80 cV. Y/, Sutcliffe ¢t al.;™ @, Hollywood et al.;t'? O,
Eminyan ¢ al.;1" (1, Ugbabe er al.;'" A, Tan cf al.;08 ——- Madison and Calhoun;'?
—Q—, Thomas ¢f al.;**" ~ -~ Born calculation; —«—, Baluja and McDowell;*" — x.—,
Fon ef al

Fosal s ha biaedd
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Figure 7. | z | vs. 0, for He(2'P -~ 1'S) at 80 ¢V. @, Hollywood et al.;''" O, Eminyan et al.;¥
[, Ugbabe ¢r al.;"*" —.—, Baluja and McDowell;®** —x —, Fon ef al.¢*%

Hollywood and Williams,“?’ Stirling, Eminyan et al.,"¥ Flinders, Ugbade et al.,O%
and windsor, Tan et al.'"® The large-angle data are another story, where on the face
of it a considerable difference exists between the Belfast and Oklahoma data. How-
ever, the difference only involves the points at 80° and 90° thus far. (Both groups are
repeating the measurements.) The distorted-wave calculations of Madison and
Calhoun*® agree with all of the small-angle data and the large-angle data of Sutcliffe
et al.''% The other calculations included on the plot arc the distorted-wave calculation
of Baluja and McDowell,*® the many-body calculation of Thomas et al.,'*" a first
Born approximation calculation, and the most recent R-matrix calculation of Fon
et al ® The measurements of | x | vs. 0, at 80 ¢V in He are presented in Figure 7,
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al ;' W, Eminyan et al. (40°);' A,
Madison and Shelton;!'® x, Scott and -
McDowell;"** .. — .- Thomas et al.;'*V .
- -+—, Flannery and McCann;® — —, T T T e T T
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94 D. E. Golden and N. C. Steph

together with the calculations of Baluja and McDowell,* and Fon er al.®®®* Here
the agreement is fair between the measurements and both of the calculations.

The variation of 2 with electron energy for a fixed electron scattering angle of
42° is presented in Figure 8. As before, the picture is not completely clear as yet.
Below 40 or 50 eV, the first Born approximation agrees with the data quite well,
while at 80 eV the distorted-wave calculations of Madison and Calhoun'*” agree

with the data. In between there is a minimum which is not very well predicted by the -

remaining calculations of Scott and McDowel),**® Thomas et al.,'*" or Flannery
and McCann.'®

Linear and circular polarization measurements of the 3'P — 2§ photons detected
in delayed coincidence with electrons that have excited the 3'P state of helium have
been made by Standage and Kleinpoppen.©®® A schematic diagram of their apparatus
is shown in Figure 9. The photons are detected perpendicular to the scattering place.
The polarization vector is defined in termas of the intensity component at an angle 8
with respect to the clectron direction

P, = N(8=0) — N (8=n(2)
Py~ NAB—t) — N8 — 34y as)

Py = N(RHC) — N(LHC)

where RHC and LHC denote left- and right-hand circular polarization. The measure-
ments of the components of the polarization vector, the degree of polarization, and

PM v

SCATTERED
LECTRONS

ELECTRON'BEAM

/He BEAM

Figure 9. Schematic diagram of the polarization measurement of Reference 25. The X-2 plane is
the scattering plane; the photons are detected by the photomultiplier (PM) along the Y axis.
Scattering angle 6, and linear polarizer angle & are measured in the X-Z plane, Positive scat-
tering angle is shown,
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the degree of coherence from the measurements of Standage and Kleinpoppen!®

are shown in Figure 10. These measurements show that the excitation is completely
polarized and completely coherent.
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Analysis of low-energy scattering cross sections I.
Electron-helium elastic scattering?
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Abstract. The e -He differential scattering cross section measurements for selected
energies between 2 and 19 eV have heen re-analysed to obtain phaseshifts and associated
errofs which are consistent with the measurements. The phaseshifts obtained from different
angular disiribution measurements are shown 10 be consistent with cach other within their
associated errors and are also consistent with the best available phaseshifis determined by
theory. These phaseshifts have also been used to determine total and momentum transfer
cross sections which are compared with direct determinations of these quantities. The
re-analysis of the differential cross section measurements does not reduce the uncertainty
which presently exists in ti = total cross section at lower energies. 1t is suggested that the
uncertainty, which is as large as 20% at the lower energies, can be reduced by more precise
measurements and analysis of the °S resonance profile at 19-35 eV coupled with precise
relative measurements and analysis at ather energies and,/or accurate cross section cal-
culations which include an ab initio error determination.

1. Introduction

It would be very useful if some easily measurable electron scattering cross section were
accurately known so that it could be used as a standard against which ail other cross
section measurements could be calibrated. The elastic e ~He scattering cross section
should, in principle, provide such a case, Helium is a gas at room temperature
possessing no low-lying levels and thus low-energy (<19 eV) elastic cross sections are,
in principle, easily measurable. It is also the simplest two-electron target and so elastic
¢ -He cross sections are, in principle, also easily calculable. The experimental and
theoretical results prior to 1969 have been discussed in detail by Massey and Burhop
{1969) and thus are only briefly summarised here.

The problem of e -H scattering is the simplest case to treat theoretically. In this
case the wavefunctions of the target states are completely known, so that one may find
the phaseshifts for the scattering problem theoretically to any degree of accuracy
required (see Schwartz 1961). In the case of morecomplicated targets, the degree of
accuracy to which the phaseshifts may be calculated has not yet been established. In
general, if one has the exact target ground-state wavefunction, one can obtain a lower
bound on the phaseshifts in the case of elastic scattering (sce Burke and Robb 1975),

4 Partially supported by grants from NSF and AFOSR,
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1508 N C Steph, L McDonald and D E Golden

However in the case of e”-He elastic scattering we are dealing with a three-electron
problem which precludes the use of exact atomic wavefunctions in the calculations.
Thus, one is left with the question of how close to a lower bound are the phaseshifts
obtained using non-exact target wavefunctions, )
The best calculations available for elastic e”™-He scattering at the present time
appear to be the polarised-orbital calculations of Duxler ef al (1971), the variational
calculations of Sinfailam and Nesbet (1972) and Wichmann and Heiss (1974), the
many-body calculations of Yarlagadda er al (1973) (at the higher energies), and the
recent R-matrix calculation of Berrington et al (1978). The S-wave phaseshifts from all
of these calculations agree to within about 2 or 3% while the P-wave phaseshifts
generally agree to within 10 to 15% (within their range of validity). The higher order
phaseshifts may be approximated with sufficient accuracy by the Born approximation.
However, even if we take the differences in the theoretically obtained S- and P-wave
phaseshifts as their range of reliability, it is insuflicient to be able to predict elastic
scattering cross sections to within a few per cent. The variational calculations can
probably be used to do a meaningful error analysis. However, untii an ab initio error
analysis is performed, the value of further ¢ —He scattering calculations is uncertain.
We therefore turn our attention to the reliability of e"~He cross section measurements.
Absolute total e —He scattering cross section measurements were first obtained by
Ramsauer (1921). Additional absolute total cross section measurements were obtained
by Nermand (1930) and Ramsauer and Kollath (1929, 1931, 1932). The measure-
mecasurements of Normand (1930). Furthermore no error bars were given in these or
other early measurements. ‘The first absolute total cross section measurements which
included an error analysis were made by Golden and Bandel (1965} for energies from
0:3 to 28 ¢V. The principal limitation of these measurements was the absolute
measturement of pressure, and the measurements were stated to have a probable error
of £3% with a maximum error of £7%. The results of Golden and Bandel (1963) are
about 20% lower than the results of Ramsauer (1921) and 8-10% lower than the results
of Ramsauer and Kollath (1932). Momentuin transfer cross section determinations
were put on an absolute basis by Frost and Phelps (1964) and Crompton er af (1967,
1970). These latter measurements were extended to higher energies by Milloy and
Crompton (1977). The determinations of Crompton et al (1967, 1970) and Milloy and
Crompton (1977) which have maximum error bars of £2% from 0-008to 3-0 eV, £3%
from 3-0to 7-0 eV and £5% from 7-0 to 12 eV are the most precise.
Efective-range theory as given by O’Malley et al (1962) and O’Malley (1963) was
used by Golden (1966) to fit the data of Golden and Bandel (1965) from 0-3 to 2 eV.
This fitting procedure allowed comparison with the momentum transfer cross section
determinations of Crompton and Jory (1965) and showed that agreement could only be
established to about 10% betwecn the two different kinds of measurement. More
recently the same conclusion was reached by Bederson and Kieffer (1971) and Milloy
and Crompton (1977). These latter authors used the momentum transfer cross section
mcasurements of Crompton et al (1967, 1970) and the form of the differential cross
scction calculations of Sinfailam and Nesbet (1972) to determine total cross sections. In
this latter case, the maximum error bars of the two kinds of experiment were estimated
to overlap in the range of 4 to 12 eV.
Differential scattering cross section measurements were made carly on by Bullard
and Massey (1931) and Ramsauer and Kollath (1932), although no etror analysis was
included in either measurement. More recently, absolute ditferential cross section

;SR R

et

YL R R T

Y AR e
gy T TNV ¢ e o WG T ok WL o




TN

i
]
)
]
5
:
:
E
:
:

idsach

I PRSI N TS W

Electron-helium elastic scattering 1509

measurements were obtained by Gibson and Dolder (1969b), McConkey and Preston
(1975), Andrick and Bitsch (1975) and Wiltiams (1978).
A phaseshift analysis of the experimental data in He consistent with the forward

- dispersion relation has been performed and discussed by a number of authors including
. Gerjuoy and Krall (1960, 1962), Bransden and McDowell (1969), Naccache and

McDowell (1974) and Bransden and Hutt (1975). While it is well known that the
forward dispersion relation holds for a variety of potential scattering problems, it has
not been proved in general. It had generally been assumed (see Gerjuoy 1938) that if
the many-body Green’s function has reasonabie analytic properties, the forward
dispersion relation would hold for electron-atom scattering. More recently it has
become clear (Byron et al 1975, Blum and Burke 1976, Hutt et al 1976) that the
forward dispersion relation does not hold, in general, for electron—atom scattering.
Specifically, it does not hold in the e -He case.

Because of this development, greater emphasis must be placed on an accurate
experimental determination of the first several phaseshifts. This can be done by making
absolute differential cross section measurements and then performing a phaseshift
analysis of the measurements. In this case, the absolute measurement of a number of
quantities such as target density, overlap integrals, etc is required. Alternatively, inthe
proper cnergy domain, the structure of the angular distribution can be sufficiently well
defined so that relative differential cross section measurements may be placed on an
absolute scale solely by a phaseshift analysis. Finally, the fitting of a resonance in a
particular partial wave of a particular reaction channel to a Breit-Wigner analytic form
leads to a determination of the non-resonant part of the phaseshift of that particular
partial wave in that particular reaction channel at the resonance energy. Since the
structure of a resonance is, in general, better defined than the structure of the
differential cross section, one might reasonably expect this latter method to produce a
more accurate determination of the first several phascshifts than a partial-wave analysis
where there are no resonances.

The first analysis of the angular distribution at a resonance in elastic scattering isdue
to Andrick and Ehrhardt (1966) who showed that the resonance’in e -He scattering at
about 19-35 ¢V is an S-wave resonance. Later, an angular distribution measurement
and phaseshift analysis of this resonance profile, using three partial waves, was
performed by Gibson and Dolder (1969a). This analysis produced a derived total cross
section in very good agreement with the direct measurement of Golden and Bandel
(1965). A similar procedure was used by McConkey and Preston (1975). In this latter
case, the phaseshifts for / > 2 obtained from the calculations of LaBahn and Callaway
(1970) were included. The total cross section derived from this analysis is also in good
agreement with the direct result of Golden and Bandel (1965). A third measurement
and phaseshift analysis of this resonance by Williams and Willis (1975) was obtained
using the Born approximation for the 3 <! =10 phaseshifts. Their result gives a total
cross section which is approximately midway between the total cross section given by
Golden and Bandel and that given by Ramsauer and Kollath (1932).

Angular distribution measurements and a phaseshift anaiysis using the sum of all the
Born scattering amplitudes for I >2 were performed by Andrick and Bitsch (1975) for
energics below the 19-35 eV resonance. This procedure resulted in a total clastic
scattering cross section at 19¢V in agreement with the direct mcasurement of
Ramsauer (1921). The non-resonant angulzr distribution measurements of Gibson and
Dolder (1969b) and McConkey and Preston (1975) are substantially lower than those
of Andrick and Bitsch (1975) in the forward direction and thercfore yield smaller
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1510 N C Steph, L McDonald and D E Golden

derived total cross sections. The recent angular distribution measurements of Williams
(1978) are in agreement with the measurements of Andrick and Bitsch (1975) and
McConkey and Preston (19735) within their combined error limits. .

Recently, three additional low-energy absolute total e ~He scattering cross section
measurements have become available. An axial magnetic field transmission technique
has been used by Stein er al (1978), a modified Ramsauer technique has been used by
Bullis (1977), and a time-of-flight technique has been used by Kennerly and Bonham
(1977). The measurements of Stein eral (1978) cover the range of 1-:5t030 eV and are
about 12% higher than Golden and Bandel (1963) although no error analysis of these
results has been given. The measurements of Bullis cover the range of 0-05 to 3-0 eV
and are a maximum of about 5% lower than the measurements of Golden and Bandel
(1965). Within the stated errors, these two results are in very good agreement with each
other. However the measurements of Kennerly and Bonham (1977), which have a
stated maximum error of £3% from 1 to 50 eV, are in general about 10 to 15% higher
than those of Golden and Bandel (1963) and consequently 15 to 20% higher than those
of Bullis (1977). Thus, it is fair to say that while more experimental measurements are
now available, the situation is slightly worse than that in 1971 which l=d Bederson and
Kieffer (1971) to conclude in their review that the total elastic cross section for e -He
was known to about +10%.

A comparison between total and momentum transfer cross sections requires a
precise knowledge of relative ditferential cross sections. However, absolute differential
cross section measurements provide an independent determination of both the total
and momentum transfer cross sections to compare with direct measurements. In light
of thec present situation it is therefore important to investigate in more detail the
measurements and analysis of ditferential clastic scattering cross sections. The ques-
tions to be addressed are: what is the prescat state of the art and how well can one hope
to measure the elastic differential scattering cross section?

2. Experimental considerations in angular distribution measurements

In this section we wil] discuss two techniques which have heen used o make elastic
differential scattering cross section measurements. Both of the techniques have been
used to study the angular distribution of scattered electrons and will be referred to as
electron-beam-gas-cell and crossed clectron-beam-gas-beam experiments. A third
technique is the atomic-beam recoil technique which has been used to study the
scatiercd atoms (see Collins er ai 1971). This technique has not been used as yet to
obtain accurate angular distributions and will not be discussed here. For a previous
discussion of some of the points of this section, the reader is referred to ihe review
articles of Andrick (1973) and Golden (1978) and the work of Williams and Willis
(1975). .

If the incident electron beam can be considered narrow then the scattered-electron
count rate, N, in both the electron-beam-gas-cell and crossed electron-beam-gas-
beam experiments can be represented by (sce Sulcliffe er al 1978),

N, = ‘Iefpofc('(E. 8)J.(6) + e 1)

where I/ e is the number of incident electrons per second in the electron beam, p is the
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[

background gas density which is assumed to be composed of the same species as the
target gas, €. is the ciliciency of the electron detector, o (E, 8} is the difierential efastic
scattering cross section at encrgy E and electron scattering angle 6, #i. is the count rate
due to electronic noise, and

50

A

J @404, )
0 i, Po

where p(z) is the density of target particles which may be spatially dependent, dQ) is the
solid angle viewed by the clectron detector, dz is the element of path length of the
electron beam through the interaction region viewed by the electron detector, and [, is G i
3 the length over which dz is integrated. In the usual case 1. can be made sufficiently : %
small so that it can be neglected. It has been assumed in equation (1) that the variation
of a(E, 8) with E over the energy distribution in the incident electron beam is
Lf sufficiently small that averaging over the cucrgy distribution is unneeessary. This is the

usual case. It hasalso been assumed that the half-angle viewed by the electron detector.
a, is small compared to the electron scattering angle. This is not necessarily the case.
and if this condition is not satisfied, o (L, ¢) nceds to be averaged over the angular
detection function of the scattercd-electron detector. In addition if the angular
divergence of the incident clectron beam is not small, o( E, @) must be averaged over the
angular distribution of the incident electron beam. If these averages are not parformed
one may introduce systematic errors into the measured angular distribution. In orderto
determine the extent of both of these sources of systematic error it is necessary to
' measure the angular divergence of the incident electron beam and the acceptance
b ‘ profiie of the scattered-eivctron detecwor. If une studies e atiguiar Givergeuee i ihe
incident electron beam with the scattered-electron detector, in general, one measures
the folding together of the two desired angular functions. However, these two functions
may be unfolded, as was described by Hertel and Ross (1969) or Sutcliffe er af (19781
This involves moving the scattered-clectron detector through the unscattered electron
beam, when it has a peometrically defined acceptance profile, to define the eleciron
beam profile. Once the electron beam profile has been determined, the measurements
may be repeated with the proper voltages on the lens elements of the scattered-electron
detector to determine the acceptance profile of the scattered-electron detector. It was
found in the work of Sutcliffe er al (1978) that the electron beam angular profile was
sometimes subject to instabilities so that the measurement of this profile was a
necessary consistency check before and after cvery scattering measurement. These
authors zlso found that tuning the electron gun for maximum electron beam current to
the Faraday cup did not insure that the electron beam profile had a narrow angular
divergence. Infact, it fesulted in an angular profile which had a half-width of 13°. Itwas
therefore necessary to set the voltages of the output lenses of the electron gun to insure
that the electron beam profile was of acceptable divergence. Furthermore, it is also
important to collcct the scattered incident electron beam. That is, a Faraday cup must
be included which has a sufficiently large acceptance angle and an efficient means of
collecting the incident electron beam. Since low-energy electrons are not collectad
efficicntly on metal surfaces, this condition is not always easy to satisfy. If the incident
. beam is not collected efficiently, the clectron Nux in the interaction region may be higher
than has been accounted for by the beam current leaving the electron gun. This can lead i
to significant errors in the measurement of angular distributions. In fact this may
: introduce a systematic error which has an angular dependence.
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Absolute differential cross sections may be obtained from angular distribution oo
measurements by using equations (1) and (2). This requires measurement of the ratio :
N./(I./e) and absolute measurement of py, €. and J,.
In the case of electron-beam-gas-cel experiments, the gas density in the interaction ‘
region has no spatial dependence and the integral J, given by equation (2) becomes &
L. =I I d dz. A3) E
an, Ji, i i
For a « 0, and a very narrow stable electron beam i ;
L.(90°) i .
L(0)=—"—. @ ! 3
sin @ 4
. 3 R
In order to apply equations (1), (3) and {4) to the data one has to take carc to insure that i §
the electrons in the interaction region do not undergo multiple collisions. This is simply H
done by showing that the scattered intensity is proportionat to the interaction region ! 2
density. If the target gas is contained.in the interaction region and the scattered i t
electrons leave the interaction region through a hole, one has to take great care to insure ‘ i
that scattered clectrons from angles other than that being studied cannot bounce off the ; *
interaction region walls and into the scattered-electron detector. In fact, this kind of ]
effect can also introduce a systematic errer which has an angular dependence. i :
In the case of crossed electron-beam-gas-beam experiments, equations (1) and (2) ; i
are used. The correction for the variation in path length thrangh the bhackeround gas . 2
miy ov inade by using a subtraction technique (see Andrick and Bitsch 1973). The 1
procedure used is to turn the target gas beam off and flood the chamber to the same 4
background pressure with the gas beam off as existed with the gas beam on. When the : |
target gas beam is off, we call the electron count rate N, Then ' SO
'r s [e : ) ..
1y e = :pﬂfc(r(E: 0)Lc (5) ¢ ;‘.’
; %
If the target beam is sharply defined, we may write i ;
(2) z i #
e)_es2) | ®) | I
Po Vo : ;?
. . . ' .
where p;(z) is the target density in the target gas beam. Then, 2' ‘t
{ <
e L do [ p(2) 1. R
N.—-N, == EL.——..\Q —d:z (7) i ol
[ ¢ ep() di). Y Po < ¢ 'i .
L]
where it has been assumed that the spatial extent of the gas beam [, is sufticiently small ; N
that the integration over d( just yiclds the solid angle of the scattered electron detector, . i
AQ. If py(z)/po Or ; .
1 :
ri(2) { y
~—-dz .. ,
. Po A *
is measurcd, thea equation (7) can be used to measure o (F, 8). In fact since .
i
z
j pi(2) i
s Po i3

is independent of 0, the measurement of relative values of N, — N¢ as a function of @ at
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constant E yields relative values of o (E, 8). This is the procedure used by Andrick and
Bitsch (1975) to measurc o(F, #) at each cnergy studied. It should be noted that
corrections for double scattering events in which the first scattering tzkes place in the
interaction region and the second takes place in the background gas, ur vice versa are
not accounted for by the subtraction technique. Furthermore, as the signal N.(0)
becomes comparable to N.@) the time required to achieve a good signal-to-noise ratio
becomnes increasingly long. Therefore atiention should be given to the preblem of
making the ratio of gas density in the beam farge compared to the background gas
density. This is especially important if one is going to study scattering angles close to
either (° or 180°, .

An assumption inherent in equation (7) is that the clectron bean is of uniform
density and of the same spatial extent as the gas beam. Equatieon (7) may still be usable
for relative measurements if this is not true. For example, if the electron beam is larger
in spatial extent than the gas beam and uniform over the spatial extent of the gas beam
which is itself not uniform, this type of cquation is still valid. In fact, in this case, spatial
fluctuations of the clectron beam which are small compared to the spatial extent of the
gas beam do not contiibute a sigaificant error (o the measurement. Suppose, however,
that the electron beam is smalier in spatial exient than the gas beam. If the cleetron
beam is uniform in spatizl extent, while the gas beam is not, equation (7) will be valid if
the clectron bean is stable. However if p;{z) is a rapidly varying function of z, sma!
fluctuations in the position of the electroa beam can lead to large fluctuations in the
measurcd angular distributions. Such fluctuations can be caused by smull instabilitics in
the clectron gun, or by small stable residual magnetic feids in the interoction region
which covesdhe ralative position of the electron beam ni the pas beam 10 Shange as a
function of time or electron scattering angle. This may be the case if the electron
scattering angle is varied by rotating the electron gun relative to the scatiered-clection
detector. The latier effect gives a systematic eiror which has an angular dependence.

N

3. Phaseshift analysis of angular distribution measurements

Differential cross sections for elastic ¢ -He scattering may be analvsed by the method
of partial waves. In this procedure, the scattering amplitude f(6, k) is represented by
the sum

f(8, k)= E:T § Q21+ Dexp(2in (k) —13P{cos 8) 8)
i=0

where 0 is the electron séattcring angle, k is the wavenumber of the incident electron,
Py(cos 0) is the Ith Legendre polynomial, and 5;(k), tire phaseshift for elastic scattering
of the /th partial wave at energy E = k7, is real. If the 7,(k) are known, the differential
cross scction o (6, k), the total cross section ¢y(k) and the inomentum transfer cross
section oy (%) are all determined from [f(0, & )13

a8, k) =16, k) “
m(k)=27rI' a{0, k) sin 8 deo (10a}
(\]
47 & .3
=Fl):o(21+l)sm m (108)
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1514 N C Steph, L McDonald and D E Golden
U’MT(k)zz'ﬂ"[ (8, k)(1 —cos 9) sin 0 dg (11a)
0 .
47 & .2 .
=F’§0(l+l)sm (= 1) (115)

If absolute measurements of o(8, k) at fixed E could be made for the fuli angular range .

from O to = at sufficiently small angular intervals, cquations (10a) and (11a) could be
integrated numerically to obtain or and gyr. Insuch acase a phaseshift analysis of the
data using equations (10b) and (115) would serve as a validity check and the set of
phaseshifts which reproduce the helium data should have the following properties. The
S-wave phaseshift should be = at £ = 0 and should decrease smoothiy as E increases.
All other phaseshifts should be 0 for E = 0 and should increase smoothly as E increases
{see Massey and Burhop 1969). If the data are not measured over the complete angular
range, a phaseshift analysis eliminates the errors associated with extrapolating the data
t0.0 and . Lo '

For low-energy electron-atom scattering, the first few partial waves dominate,
However, the higher order waves cannot be neglected because they also can affect the
shape of the calculated ditferential cross section.

The phaseshifts for / = 1 may be obained from the Born approximation for electron
scattering from a polarisable system of polarisibility «,

2
ok

2=+ D(2I+3) (12)

I=1)=-
m( (

The values of i, calculated from equation (12) may be inaccurate for small values of [,
but the accuracy improves as { increases. Moreover, the contribution to the scattering
amplitude decreases as [ increases. Thus oae may treat the first several values of
mil <L) as variable parameters in a fitting procedure, and derive the higher order
values of 7 (L <! <L’) from equation {12) to fit equation (8) to the data. However, as
many as 50 terms may be necessary to deseribe the scattering at small angles and the
value of L' necessary is energy dependent. A more satisfactory methed is to sum all of
the Bora scattering amplitudes for [ > L analvtically, It has been shown by Thompson
(1V66) that this can be done provided the ! = 0 term is excluded.  [hon the duference
between the Born sum fy and the contribution from the /=0 term fu is given by

fu—f5 =mak(3--Ysin}o). (13)

The procedure used by Andrick and Bitsch (1973) was to subtract all terms for I <L
from equation (13). Then the scattering amplitude for L <I <o, f§ is given by

1 oL 1 A Pi{cos 8) )
=: kKl 3—35 5g - e | 4
fi = mek{3-Lsin 0 @ aa-n (14)
This result may be used to rewrite equations (8) and (9) as
I
f(o, k)= —1—( Y 1+ Dexplin) - 11P, +2ik/'{,‘) (15)
2Ik =0

1 L, LA , 2
u(o,k)=—-~2-[( y (21+1)sin2n,1’,+2kf:,') -»(L (20 + 1){cos 2 - I)P,) ] (16)
4k t-o ]

-

It s desirable to make L as small as possible so that the time necessary to perform the
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i Electron-helium elastic scattering : 1515

fitting may be kept to a minimum. To find a reasonable value for L, let us consider the
centrifugal barrier term for the /th partial wave, [(/+1)/r’. The distance of closest
approach of the /th partial wave of an incident electron of energy k2 in the absence of a
i scattering potential should be r, where r, =[I(1 +1))'*/k is the point where the kinetic
energy is cqual to the centrifugal barrier potential. If the point r; is *outside” the atom,
then the /th partial wave does not penetrate the atom. That is, it is unaffected by the
nuclear potential and “sees’ only the long-range dipole potential due to the polarisation
of the target. Since r, varies inversely with &, it is sufficient to consider 19-6 eV electrons
as we will treat no higher energies. A 19-6 eV electron has &k =1-2 Bohr™', so that
rn=1-18, ra=2-04, and r; =2-89. These numbers are approximate in that they were
obtained by setting the potential equal to zero. The presence of the poiential will
decreasz them. Calculations by Boyd (1977) give the size of a helium atom as 1-8 Bonr.
Therefore, the / = 3 partial wave does not penetrate the atom at all and may be handiz
by the Born approximation. The /=2 partial wave is a borderline case and should be
retained as a variable parameter. It should be noted that changing the /=3 or 4
phaseshifts by 20-30% would not significantly affect the results.
Setting L = 2, equation (16) may be fitted to the data’by starting with a trial set of 70,
11 and nz and subsequently varying these phaseshifts to determine the combination .
leading to the best fit. The best fit is defined as the fit which gives a minimum reduced chi
square, Xz, which is defined
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i
where N is the number of angles measured, o, is the calculated cross section, o, is the :
measured cross section, Ag, is the error in measured cross section, P is the number of : .
variable parameters, P = 3 in this case, and 6; is the angle of ith measurement. If the i ]
-measurements have not already been brought to an absolute scale by some irdependznt : : ;
procedure, then the phaseshift analysis itself enables iclative measurements to be . i
brought to an absolute scale provided certain conditions are satisfied. It can be se2n
that equation (16) yields a curve which is an interfercnce pattern of Legendre poiy-
nomials weighted by the terms containing the variable parameters. At energies above
about 5 oV this'interference produces a curve of pronounced siruciure, Provided ine
errors are small enough so that the structure is clearly defined, the measurements may
be brought to an absolute scale by introducing an additional parameter « which
multiplies the angular distribution measurements. This is done to insure that there is
not only agreement between the measured and calculated angular distributions but also
between their absolute magnitudes. This may be done by altering equation (17) to

1 ¥ (K"m((h)—crm(fi.-))2 13)

2=
X “N-P% Acm(8)

3 where the parameter « is used to bring the relative measurements to an absolute scale,
and now P = 4. Asthe energy is decreased, for energies below 5 eV, the n, term begins
to dominate and the cross section becomes nearly linear with angle and finally uniform.
Thus, as the energy decreascs, the structure in the curve is insuflicient to uniquely
determine the phaseshifts or the value of x. The procedure therefore breaks down since
the curve is equally weli represcated by a wide range of the parameters. In particular
the parameter x is subject to an uncertainty which must be included in the error
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1516 N C Steph, L McDonald and D E Golden

analysis. This type of analysis was introduced by Andrick and Bitsch (1975) but they
did not explicitly include an uncertainty in x. This point is discussed further in § 5.

An alternative method of analysis is based on measurement of the cross section at

fixed angles as a function of energy over a resonance. Such aresonance exists in e -He
scattering at 19-35eV. One can analyse this S-wave resonance structure using a
Breit-Wigner formula for the resonant part of the S-wave phaseshift without introduc-
ing the parameter x. We write the S-wave phaseshift as

Mo =10 +70 ' (19)

o = —tan"'(E%TrEr) . (20)

where 74 is the background S-wave phaseshift, E, is the resonance energy, and I the
natural width of the resonance. The cxpression for 1, given by equation (19) may be
substituted into equation (16) and values of the cross section calculated as a function of
energy for fixed angle. Since the value of I is not precisely known it may be used as a
parameter to be optimised in the fitting procedure. Before these calculated values may
be compared to a measurement, it is necessary to account for the broadening of the
measured width by instrumental effects (see Gibson and Dolder 1969a or Andrick
1973). If the variations of the phaseshifts no, n and n; over the cnergy range of the
resonance are negligible, equation (16) may be fitted to the data as a function of energy
to find the best values for 59, mu and 73 in the region of the resonance. Such a
determination may then be compared to values obtained by fitting to angular dis-
tribution measurements at energics below but near the resonance energy. Also, such
resonance measurements may form the basis for the normalisation of raw data which
has not been corrected for variations in scattered intensity due to variations in scattering

volume or any other energy and time independent variations (see discussion of the
results of Gibson and Dolder 1969a in § 5).

4. Error analysis

In order to make a meaningful comparison between the best values of nq, 1, and 752
obtained from analyses of rclative differential cross section measurements with the
values obtained by other methods, it is necessary to dotermine the crross in the
phaseshiits that arise from the uncertainties in the experimental data. The cquation to
be used in the present case (equation (16)) is not linear in 5y, 7, and 7,, and therefore
one cannot give an analytic form for the errors in the best values of the fitting
parameters (see Devington 1969). Furthermore, the problem of finding errors for total
and momentum transfer cross sections determined from the best values of the
phascshifts is even more complicated, since the errors in the phaseshifts are correlated.
It is clear from equations (106) and (114) that changes in no can be offset by changes in
11 S0 that ot or oy remain unchanged. Therefore, the best one can do is choose some
well defined justifiable criterion for an acceptable fit to an cxperimental differential
cross section data sct which thus defines the errors in 5o, 71, 71 &, o7 and our.
When the errors are purely statistical, the xl of the best fit, ,\'ﬁ,i" should be about 1.
Such a x,z..... indicates that the measured and calculated values deviate from cach other
by one standard deviation, on the average. The probability that a measured point
differs from the average of many measurements by less than one standard deviation is
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Electron-helivum clastic scattering 1517

0-68. Since a measured point can be any place in the distribution of points which would
be obtained by making many measuremients, a conmon criterion is to accept any it with
x> <2xZi (see Bevington 1969). This criterion is roughly cquivalent to saying that all
of the allowed calculated curves fall within about two standard deviations of the
measured points and the errors thus obtained represent a 95% confidence level.

An additional question to be resolved is how to deal with systematic errors,
Corrections can be made to the data to compensate for systematic errors where the type
and extent of the crror is known. If this is not the case, it still may be possible to
determine the maximum uncertainty introduced into the measurement by the systema-
tic error. However, in most cascs, the uncertainties resulting from systematic errors
must be estimated, considered as probable errors, combined with uncertainties from
statistical error and treated in the same way as statistical errors. However, it should be
noted that unlike statistical errors, systematic errors are not random. Infact, systematic
errors affect the medasured points in some definite but unknown way as a function of
encrgy and/or angle.

If the shape of the non-resonant angular distribution is being used to normalise the
data, this problem is particularly serious. It has been found in this work that a small
change in the shape of the angular distribution measurcment can result in a very
different besi value of k. So a given systematic error may result in an even larger errorin
the normalisation. If the errors are absolute, all caleulated fits which fall within the
errors of the points must be accepted equally, but the best fitis undefined. When, as is
the usu.xl case, systematic and statistical errors are both present, anv criterion s

whnton ary. Andrick and Bitsch (1975) were aware of this problem and chose
to ﬁnd thc best fit to their data using statistical errors only. They then added their
systematic crror, which they considered absolute, to the statistical error and accepted
any fit with no more than three points falling outside the combined error bars. However,
when large systematic errors are present, finding the best {it using statistical error only
may Jead one to attach undue importance to the best fit and aso 10 underestima'e the
errors in the phaseshifts. Furthermore, there is no a priori way to determine the
correlations between the crrors in the phaseshifis and this is necessary in order to
calculate the errors in o and opmy.

After consideration of all the problems associated with choosing a criterion for error
determination, the following procedure was chosen. Statistical and systematic crrors
were treated equally and therefore all fits to a given data sct for which y” = 2 were
accepted. The accepted fits were generated by varying all phaseshifts for /< L and w
and using a grid search technique to determine the set of acceptable curves. The range
in each phaseshift contained in the sct of accepted fits was taken as the error in that
phaseshilt and the range in « contained in the set of accepted fits was taken as the crror
in «. 1tis important to note that if the range of « is restricted, the errors in the derived
phascshifts may be seriously underestimated. In addition, valucs of «r and oy, Were
generated for each accepted fit and the range in oy and oar contained in the set of
accepted fits was taken as the error in these quantitics.

5. Resuits of phaseshift analysis

In this section we review the most recent measurements of the elastic differential cross
section and the S-wave resonance at 19:35 eV in helium. The carlier measurements of
Bullard and Massey {(1931) and Ramsauer and Kollath (1932) are not considered
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1518 N CSteph, L McDonald and D E Golden

because of the extreme enhancement of the small-angle scattering data at all energies
and because they are given without estimates of the error. The results of Stein ¢t al
(1978) are not discussed because they were given without error bars.

An clectron-beam-gas-cell experiment was performed by Gibson and Dolder
(1969b) but a phaseshift analysis of their results is complicated by their normatisation
procedure. Their raw data were in the form of ratios of scattered to primary beam
currents. In order to relate these raw data to relative ditferential cross sections
experimentally, accurate knowledye of the variations of scattering volume with scatter-
ing angle and the electron current within this volume is needed. Inaddition, to bring the
relative measurements to an absolute scale experimentally, the absolute pressure is
needed. These authors decided that it would be too ditficult to make the necessary
measurements with suflicient precision and devised the following alternative method to
make their results absolute.

In an earlier paper (Gibson and Dolder 1969a) these authors deduced the first three
phaseshifts for scattering at 19-35 ¢V from measurements of the S-wasve resonance
profiles. The phaseshiits were obtained from an independent analysis of the S-wave
resonance prolile at six scattering angles. The average values of the phaseshifts were
given without error analysis and were ny= 1937, 9, =0-297 and 3, =0-052. It we
associate a 1% statistical error with the measurements of the resenance profile and
accept all fits which deviate from the measured profile by less than two standard
deviations, we find the eirors in determining the phaseshifts from the ritting to be about

+2%, £6% and =22% for 5., ny and 7,, respectivelv. They assumed that these-

phaseshifis do not change appreciably between 19-35 and 19-1 eV and that the higher
order nartial waves do not make <ienificant contributions to the ditierential cross
sectton at 19-1 eV, Therefore, they caleulated the difierential cross section using only
the tiest three phaseshifts. At 19:1 eV the ratio of the raw data to the caleatated values
yielkds & set of correction factors which they used to normislise the raw data at all
encrgics. 1t was pointed out by Andrick (1973) that the higher order partial waves do
affect the differential cross sections and he renormalised the data of Gibsen and Dolder
(1969b) at 19-1 ¢V. We have extendad this renormalisation to the rest of their data,
While the incluston of highoer order partiad waves has asignificant cffect on the structure
of the calculated differential cross section, this effect is much less sigrificant in a
resonance profile. The partial waves for /2% 2 have asignificant etiect on the differential
cross section at 19-1 eV, However, there are four angles (31, 62, 82 and 137°) where
the contribution of the higher order partial waves vanishes, and thus resonance
measurerients at these angles are more casily analysed. The maximum effect of the
higher order partial waves on the diflerential cross section at 19-1 ¢V is 4% for the
angles studied by Gibson and Dolder (1969a). These small changes in the level of the
background do not significantly affect the resonance profile. In order to sce the size of
this eflect one may calculate the resonance profile with and without the inclusion of the
higher order partial waves, The two calculated profiles differ by a maximum of about
1%. The data could be re-analysed taking the higher order partial waves into account.
However, lacking the original data we have accounted for this effect by considering the
statistical error to be 2%, although this may overestimate the actual error. A statistical
error of 2% would result in errors of 4%, £12% and +44% for n.. 7 and n,,
respectively. '

The procedure of Gibson and Dolder (19692) to account for instrumental broaden-
ing was to fold a Gaussian of variable half-width with the caleulated profile before
comparing it to the measurement. Andrick (1973) argued that the measurement of
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Electron-helium elastic scatrering 1519

Gibson and Dolder (1969a) at 25° reveals an asymmetric energy distribution because
the measurcment contains 4 minimum followed by a maximum of equal amplitude, but
smaller width. However, if the P-wave resonance structure postulated by Gibson and
Dolder (1969a) is in fact real, this could account for the small asymmetry, For afurther
discussion of this possible P-wave resonance see Golden (1978). Gibson and Dolder
(1969b) uscd the average phaseshifts obtained from an independent analysis of the
S-wave resonance profile at six scattering angles, but did not assess the errors of these
average phascshifts or the possible effects of these errors on the normalisation pro-
cedure. Their angular distributions for 17-1 aad 5-1 ¢V, carrected for higher arder
partial waves, are shown in figpures 1(a) and 1(b), respectively. The error bars arc those
given by Gibson and Dolder (1969b) and the full curves are our best fits to their data.
The ,\'3,;,. arc¢2:9at17-1 eVand 7-4 ut 5-1 eV. Itis clear that the errors introduced by
the normalisation process must be larger than the errors given.
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Figure 1. The angufar distribution measurements of Gibson and Dolder (1969b) 2t the
enerpivs {a) 17 1 eV and (M) 5-1 ¢V, The error bars are those quoted by the authors Both
results hase been corrected for the effect of the highet order waves as discissed in § 5. The
full curves are the best fits from our analysis,
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1520 N C Steph, L McDonald and D E Golden

An electron-beam-gas-cell experiment was also performed by McConkey and
Preston (1975). They also analysed the S-wave resonance and used the phaseshifts of
LaBahn and Callaway (1970) to account for partial waves up to [ = 50. Their result for
1o was 1:972, only 1-8% above the value obtained by Gibson and Doider (1969a).
Their results for n; and 7, were the same as those obtained by Gibson and Dolder
(1969a). McConkey and Preston (1973) quote a maximum error of 3% for their current
measurement and less than 1% statistical error. If we thus assume a 4% total error for
their resonance profile measurements, the errors in no, 1, and 71 from their resonance
profile measurements would be about +4%, +£12% and +44%, respectively.

In addition to studying the resonance, McConkey and Preston (1975) also measured
the differentiai cross section for energies between 1-5 and 100 eV. These authors
measured the angular distribution of their electron beam, the angular acceptance

profile of their analyser, and the pressure in the interaction region. Thus they were able

to relate their raw data to absolute differential cross sections experimentally. Their data
may be analysed for phaseshifts giving the best fit using the procedure of § 3, withk = 1..

. Our best fit to their data of 19-1eV has a X.z,.m =0-17, yields phaseshifts of 7o=

1-868£40%, n,=0-291£72%, and 17, =0:052+>100% and is shown in figure 2 as a
full curve together with their data. The best fit has more curvature than the data. Infact
a very good fit could also be obtained with n; = 0. This possibly indicates that the data
may include an angularly dependent systematic error due to the enclosed interaction
region as discussed in § 2. The primary electron beam and the electrons scattered at the
ang!c bring studied leave the shielded interaction region through a smail hole. At high
energies, where small-angle scattering predominates, the electrons scattered through
small angles are not removed from the interaction region when larger angles zre being
studicd. These electrons may beunce off the interaction region walls and possibly
enhance large-angle scattering. Atsmall energies, large-angle scattering predominates
and the situation is reversed. The net ¢ffect could be to fatten the angulur distribution
at all energies. In figure 2 we also show, as a broken curve, the fit predicted by the
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Figure 2. The angular distribution measurement of McConkey and Preston (1975) at
19-1 eV with 12% error bars. The full curve is the best fit from our analysis. The broken
curve is the fit predicted by the phaseshifts these authors deduced from their analysis of the
S-wave resonance profile. The x° of this fit is 1.3,
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phaseshifts McConkey and Preston deduced from their measurcments of the S-wave
resonance profile. The difference between the broken curve and the data shown is very
similar to the possible systematic effect just discussed. It should also be noted that the
12% error for their angular distribution measurements quoted by McConkey and
Preston is the root sum of the squares of several very ditferent types of error. A simple
sum of these errors is 21% which may be a1 more accurate assessment of their errors.

These authors chose to put more weight on the values of the phaseshilts obtained by
fitting to the shape of the non-resonant angular distribution at 19-1 ¢V, than those
obtained by studying the resonance. However, our analysis indicates that much smaller
errors can be obtained from the analysis of a resonance.

Andrick and Bitsch (1973) were the first authors to undertake a complete phaseshift
analysis of angular distribution measurements over a wide range of energies. They
performed a crossed electron-beam~gas-beam experiment and used the subtraction
technique discussed in § 2. They extrapolated these relative cross section data and
found the relative total cross section by numerical integration. They then performed a
phaseshift analysis of their data using the following method. Each set of phaseshifts
considered was given a value of x de©  -d as the ratio of the eross section predicted from
the phaseshifts to the integrated total cross section. The values of « were used in
cquation (18} as fixed parameters. This extrapolation and integration is unnccessary
and may have hindered their ability to find the best fit. We present some of their data
(adjusted for x = 1) and their fitting results for 2, 5, 12 and 19 ¢V in table 1. Their X,:“,,.
were caleulated using statistical error only. The precision of their measurements, as
given by their statistical error, is sufficient to define the shape of their angular

Table 1. Analysis of the anpular distribution data of Andrick and Bitsch (1975). The
numbers in parentheses indicate per cont errors determined as discussed in the text.

Energy

eV) Analysis ¥} melnad)  mGad)  n,(rad) x ar(A o (AY
2 Andrick and
Bitsch 1-SR  2-616(5) 0-052(37) 1 6-20(50)  7-20(40)
Prosent 1-14 2:517(8)  (-067(52) 0-010(>100) 1-37(52) &51(32) 9-88(33)
Present
{n2 Born) 1-88 2642 0.049 0-006 091 568 6-00
s Andrick and
Bitsch 2:99 2:323(2) 0-135(19) t 5-64(11)  6-64011)
Present 1-77  2-:338(5) 0-126(40) 0-011(>100) 0-96(27) 5-42(26) 6-31(27)
Present :
{n2 Born) 3-85 2:319 0-138 0-015 1-01 570 6-72
12 Aundrick and
Bitsch 0-81 1-985(3) 0-259(12) 1 4-15(4) 4-28(3)
Present 1:12 1:9936) (-255(22) ©0-036(99) 1-00(10)  4-1)(8) 4-26(5)
Prescat
{n: Born) 1-13 1994 0-255 0-037 0.99 N 426
19 Andrick and
Bitsch 1-96  1-814(5)  0:325(12) 1 3-19(4) 2-86(4)
Present 1-56 182311} 0-325(30) 0.063(56) 1-00¢8) 3.21(8) 2-86(9)
Present
" {n; Born) 2:61 1-826 0-332 0-058 1-01 3 2-89
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1522 N C Steph, L McDonald and D E Golden
distributions clearly. However, the presence of systematic errors makes the accuracy of : .
this shape questionable. These authors state that there could have been a systematic Li
error duc to inhomogeneitics in the magnetic ficld of their apparatus. Thev estimated '
this error to be a maximum of 3 10 4% and they used this estimate as described m § 4 to s Fy
assign errors to n,, m, o and oagp. However, they included no explicit determination of ‘ :
the error in & or 7. i =
‘ We have re-analysed the data of Andrick and Bitsch (1975) using our method :
i-_ 1 escribed in § 3 and also give our results in table 1. We considered three additional i’ ’
1 !

sources of systematic error. No mention is made in the work of Andrick and Bitsch
(1975) of a Faraday cup. If the unscattesed electron beam is not collected by a Faraday

L cup, such cléctrons can introduce systematic errors as discussed in § 2. However, these ‘
systematic errors are difficult to estimate. Another systematic error may be present if v _
the angular spread of the electron beam is large. The measared cross section is actually . v
an average of the ‘true’ cross section over the angulas spread of the beam. 1f the slope of ¢
the ‘true’ cross scction is changing rapidly, as is the case at small angles at 19 eV, this 4
would result in an angularly dependent error, Since Andrick and Bitsch did not 'ff L
measure the angular distribution of their electron beam, the size of this crror is difficult ; g
to estimate. Their electron beam was sufliciently wide that they considered their 10° L i
data unreliable. If we assume that the beam had a Gaussian distribution of 10° b
half-width, then the error is such that the measurcd value would be too large at small "
angles. The maximum error would be 2% at about 30° and this error would decrease e
uniformly to zero at about 100° Another systematic error is possible if the zero of the 2§
angular scale isincorreet. As mentionedin § 2 the clectron beam which determined this
% B {7 direction can be cubjocted to inerahilitios. Therefore a mechanical alignment is not I_'
. adequate and a direct marasurement of the unscaticred boam is necessary for accurate e :
determenntion of 07, Indecd this measurement should be made often, since instabilitics ?"
in the electron beam can cause variations of several degrees (sce Sutclitic er al 1978). ‘,r
Since the mewsurement of Andrick and Bitsch at 19 ¢V is changing by 2% per degree at <,
the small angles, an uncertainty of only 0-3° in the zero of the angulac scale would e
introduce an error of 1% into the measurement. I ]
I the lizht of these possible additional sources of error, we conclude that the error i f
analysis of Andrick and Bitsch underestimated the errors in 9y, 74, o and oy We |r‘_
belicve it is more reasonable to take the estimated errar of 3 to 4% as a probable error. ¥
In this case the total probable error is 3%. We then calculate x* using the total probable T
error and retain any fit with a x* <2, In the course of searching for acceptable sets of :
phaseshifts, maxiimum and minimum valucs of « are developed at each encrgy. These ’; '
extreme values form the basis of the error in « listed in table 1. Using statistical error B
only, we arc able to find X2 Which are significantly lower at all encrgics than those '

given by Andrick and Bitsch.

At 19 eV our best fit yiclds a set of valtues of 5y, 11, x, orand oy in good agreement
with the set obtained by Andrick and Bitsch.

1t scems that the values for 12 ¢V given by Andrick and Bitsch in table 1 do not
represent their data. The x° of the fit found by us using the sct of phaseshifts given by
Andrick and Bitsch at 12 ¢V is 433, while they gave a value of 0:-81. We cannot find a

set of phaseshifts which yield a fit with x> < 1. The value of oy predicted by our best fit f $
at 12 eVis 4-11 (1% lower than the value given by Andrick and Bitsch). rk- ';'i
Atthelower energics of 2 and 5 eV our best fits yicld results which are different than ot
. . . [N
those of Andrick and Bitsch (19735). In particular, we find valucsof k #1. At2eVour H 3
best fit yiclds values of oy and ¢y ¢ which are almost certainly too large. This fact and b
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the very large error in x show the breakdown of the normalisation procedure at low
energies. The values of n; predicted by our best fits at 2 and 5 eV are signiticantly
differcnt from the values of 5, given by the Born approximation. We have analysed the
2,5,12 and 19 ¢V data with n» frxed atits Born value in order toinvestigate the effect of
112 on the best fit. These results are also presented in table 1 without error analysis. It
should be noted in table 1 that our best fit to the data of Andrick and Bitsch (1975) with
72 fixed at its Born value yields very ditferent values of the fitting parameters at the
lower energies than when 7, is allowed to vary. Furthermore, very different total and
momentum transfer cross sections are obtained at the lower energies. Thus the energy
dependence of the total or momentum transfer cross section at low energies is not very
well defined by analysis of angular distribution measurements. It has been argued by
Andrick and Bitsch (19735) that all direct measurements agree regarding the shape of
the total cross section. However the most recent measurement of Kennerly and
Bonham (1977) does not have the same shape as thar of Golden and Bandel (1965).
Furthermore, the results of Andrick and Bitsch (1975) do not predict a definite shape at
the lower energies. :

At all energies, the errors predicted by our analysis are about a factor of two larger
than those predicted by Andrick and Bitsch. Since the shape of the angular distribution
is so vital to the normalisation process in both the method of Andrick and Bitsch andour
own, the effect of unknown systematic crrors on the shape of a measurement must not
be undcerestimated. In the absence of experimental checks to determire the size and
affart af nacsihla cvctematic errors, no absolute values of such errors can be detcrmned.

We have discussed four possible sources of systenatic error in the experiment of
Andrick and Bitsch and we believe that our cryor analysis gives a more accurate
estimate of the citors of their measurements and derived quantitics. Andrick and
Bitsch also used effective-range theory to analyvse their phaseshift results. They fitted
the effective-range formuize developed by O Malley eral (1962) and O Malley (1963)
to their derived phaseshifts as a function of encrgy over the range from 2 to 19 eV and
found that such formulae could reproduce their phaseshifts with a x7<0-1. They
argucd that thissmall 5 * implied that the error in their phaseshifts could be substantially
reduccd. However, it is guite unclear what physical meaning, if any, can be attached to
effective-range theory for ! <2 for energies much higher than 1 or 2 ¢V,

Williams and Willis 11973) measured the helium S resonance at 19:35¢V in a
crossed electron-beam-~gas-beam experiment. They deduced the first three phaseshifts
by analysis of the resonance profile at various scattering angles using a method similar 1o
that discussed in § 3. They accounted for higher order partial waves up to I =10 by
using the values calculated from cquation (12). They obtained the values 9=
1:852£1%, n;=020922:6% and 7:=0-0606+11%. These crrors are consistent
with a £1% statistical error in the measurement of the resonance profile. Infact 1% is
one standurd deviation of the statistical error in the experiment of Williams and Willis
(1975). Asdiscussed in § 3, we would use two standard deviations when fitting the data.
Therefore, we believe that the error bars on the phaseshifts of Williams and Willis
(1975) should be increased by a factor of two. Another analysis of this resonance has
been recently made by Williams (1978). He accounted for higher onder partial waves
up to { == 19 by using the values calculated from cquation (12) and obtained the values
No=1:822£0-5%, 1n,=03121-5% and 2:=0-06124-0%. These crror bar
represent one standard deviation. We would use two standard deviations when fitting
the datu so as to achieve errors at the 95% confidence level. Furthermore, unless two
standard deviations are used to desceribe the data of Williams and Willis (1975) and
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Williams (1978), the values of 5, of the two measurements do not agree within their
respective errors. Williams (1978) atso analysed angular distributions for energics from
0-5to 20 ¢V, However, no data for angular distributions were included and we are thus
unable to draw any conclusions about his results.

6. Discussion of experimental results and conclusion

In this section we discuss the ditference between the various angular distribution
measurements in the light of our analyses.

The non-resonant ancular distribution measurements of Gibson and Dolder
(19690} are in agreement with those of McConkey and Preston (1975) at all common
energies studied. The angular distribution measurements of McConkey and Preston
(1975) at 19 eV are compared with those of Andrick and Bitsch (1973) in figure 3. It
should be noted that after we have increased the error bars on the measurements of
Andrick and Bitsch (1973) to account for the error in the determinaiion of , the two
sets of error bars overtap for 0 =25 Ashas been discussedin § 5, the error bars on the
measurements of McConkey and Preston (1973) might also be increased. If this were
dong, the angular distribution measurcments of McConkey and Preston and those of
Andrick and Bitsch at 19 ¢V would be in agreement at all angles. Nevertheless, the
errors assuciated with the phaseshifts of cither set of measurements at this energy are
sutficiently large that the phascshifts or cross sections derived from them cannot ba

Loatir vy cneiane Alrast s acniramonts
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or the various theories. These errors are given in table 2 where we summarise the
rosults of our analyses at 19 ¢V, The direct total cross section measurements of Golden
and Bande!l (1965) and Kennerly and Bonham (1977 as well as the caleuiation of
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Fiqure 3. Tre anpular distribution measurements of MeConkey and Preston 11073) at
19-1 eV (B, and the anpular distribution measutements of Andnick and Ritsch (19751 at
19 eV id1, with their respedtive error bars as discussed in the text, The full carve is the
differentizd cross sectton pradicted by the vabues of n, ny and e detaiminad by awergiited
average of the values ebtamed by Gibson and Dolder t1vo2.0, MeCankev and Preston
(1975, Wikiiams and Wik (1973 and Willians (1978). These authors dedeced the values
of 0y, 7y and 7o by g to the S-wave resoninee as discussed ta the text.
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Duxler ez al (1371) are also included. It can be seen from table 2 that the errorsin the
phaseshifts obtained from the resonance profile measurements are much smailer than
those ottainzd from the non-resonant angular distribution measurements. Therefore
we have made an average of the phaseshifts determined from analyses of the resonance
profiles given in table 2 weighted by their respective errors. These values are also given
in table 2 as our best estimates. The ditferential cross section predicied by these
phaseshifts and f;:, is shown in figure 3 as a full curve. This curve calculated from the
phaseshiits deduced by analyses of resonance profilesis in excellent agreement with the
non-resonant angular distribution measurements for 0 =55° As 6 - 0 this calculuted
curve tends 10 predict values roughly midway between the two measurements. This
behaviour could be expected on the basis of our previous discussion of the syvstematic
errors of the measurements. It should be noted that all of the values of oyt determined
from all of the angular distribution measurements given in table 2, on or oiT resonance,
are in agreement with cach other within 3% while the corresponding values of ot only
agres to within 14%. T

Table 2. Phaseshiits, total and momentum transfer cross sections for ¢ =12 scattesing at
19 eV. The numbers in parentlLeses indicate per cent errors at the 95% confidence level

1o (rad) m {rad) 72 (rad) ar (A) et (A}
Fxperimant
Fio y
Gitson end D 1.937(4) 0-267(2Y  Q-052(34) 28711 2.8
McConkay and Prevon (i973) 1-972(9) 0:297(12)  0-052(44 28115 27845,
Woiiams aad Wil (1975 1-852¢2) Q-3005) 0-0622) 3075, REFDERY
Wiiliams -} 1-822(1) 0-316G(3) 0-061(8) 320 283 h
Fieting t2 iic wngadlar diseibation
McCoen ad Preston (1973) 1-868(400  0:291(72)  0-052(10)) 2954w 280420
Andrick aod Briisch 11975 1-823(11)  0-325{30) 0 063(56) 32008 28695
Meusurerions of Tooa! Cross Section
Go'den arns Bandej (1905 28T
Keon P iHonbam (1077 3133
Theory
Duxler ¢r 28 11971) 1-811 0-316 0-06 316 2-84
Nesbet (iv735) 1-831 0-316 0-036 313 2-86
Best estimate 1-863(4) 0-307(10)  0-060(34)  3-05(1( -85

Below 19 &V, at all common energies studicd the non-resonant angular distribution
measurements of Gibson and Dolder (1969h), McConkey and Preston {1973y and
Andrick and Bitsch (1973) are in agreement with cach other within the respective errors
which we have associated with the measurements. Values of oy or oy Jecived from
these non-rasonant anpular distribution measurements have very larxe associnted
errors. Therefore they span all direct measurements and caleulations of these quan-
tities and cannot be used to decide which resulis are to be preferred.

Itis quite clear from the present work that in order to establish properly the alwolute
values of clastic cross sections in ¢ e scattering one must begin with precise
measurements of the resonance protile at 19:35¢V. The analvsis of resonuice
meesurginents does not involve the use of the parameter « and thusis free of the error
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associated with & Furthermore, the method of analysis of resonances discussed in § 3
may be used at the aneles of 31,62, 82 and 137° to determine the first three phaseshifts
without inclusion of the higher order phaseshifts, Therefore by analysing the resonance
at other angles one may check the validity of f§ (equation (14)). While the resonance
measurements of Gibson and Dolder (1969a) were made with an energy resotution of
about 63 meV, those of Williams and Willis (1975) were made with an energy
resolution of 30 meV. However, in neither case does the energy resolution contribute
significantly to the crrors in g, 1, N2 0 Or oy Therefore, if the statistical errors of
this kind of measurement can be reduced to 0:-05%, the values of 0y, 1, and 5, can be
determined to about 0-1, 0:3 and 1%, respectively. Then op and oy wWill be
3 established to better than 1%. This is casier to do than to make sufliciently precise
meastrements of angular distributions at energies where there are no resonances.
Following the precise measurement of the resonance profile, relative angular dis-
tribution measurements at all energies may be placed on an absolute scale to better than
1% by normalising them to measurcments at 19-35 eV and using the procedure
discussed in §3 with & = 1. However. it shoufd be cautioned that in making such
measurements one needs to pay attention to the consideratioas discussed in §§ 2-4,

We have givenin table 2 bost estimates of the values of no. 7y and 72t 19 ¢V based
on the available resonance profile measurements. We otfer no best estimate for
phaseshifis at otiier energies pending additional measurements.
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Low energy electron impact excitation of the b33+ state

of CO?

J. R. Twist®? W. C. Paske, T. O. Rhymes, G. N. Haddad, and D. E. Golden

Department of Physics and Astronomy, [}m'versily of Oklahoma, Norman, Okluhoma 73019

(Received 23 April 1979; accepted 13 June 1979)

The lifetime of the b *Z*(v* = 0) level of CO has been measured using a delayed coincidence technique.
Lifetime components of 51.864-0.24, 358420, and 15004900 ns at the 9545 confidence level have been
unfolded by computer fitting and extrapolating to zero pressure. In addition, the collisional quenching
cross sections for the prompt decay and the first cascade component were determined to be

(7.74:3.8)X 107" and (7.143.5)x107"* cm® at the 95% confidence level. These results agree with
spectroscopic evidence that the a’*2*(v” = 32-41) levels strongly perturb the b°E* (v’ = 0,1) levels.

Discrepancies with previous lifetime results are explained.

INTRODUCTION

The lifetime of the b%%* (v =0) state of CO has been
studied by a number of authors, '"® with widely varying
results, While some have reported pressure dependent
lifetime components, * %8 others have not, 1=%:8?

The most recent lifetime measurement of the 2/ =0
level of this state was made by Van Sprang et al.® by
studying the b-a transition using a delayed coincidence
technique with a pulsed electron gun and a monochroma-
tor of 5-20 A resolution. The decay constants were de-
termined by fitting the data to either one or two expo-
nentials for the lifetimes studied as a function of pres-
sure in a scattering cell which was differentially
pumped, In this work, the excitation pulse was varied
vetween 100 ns and 10 us ana a short pulse was used
in the case of the b state decay. The maximum for the
b—a emission function was found to be at 13 eV and the
lifetime data were obtained at that energy.

The lifetimes of the v’ =0, 1 levels of the b33* state
have been measured by Smith ef al.® These authors re-
ported coincidence measurements between energy ana-
lyzed (50 meV resolution) inelastically scattered elec-
trons and emitted photons which were filtered by a 2400~
4200 A bandpass filter. The lifetimes were studied as
a function of the pressure in their molecular beam target
using a time window of 400 ns, They expected multiple
exponentials in the decay of the v’ =1 level since spec-
troscopic measurements have shown this state to be
strongly perturbed. ! However, their experimental
sensitivity to multiple exponentials was low and they
only observed one exponential decay, although a 3%
background slope correction was made to the higher
pressure data before analysis,

The lifetime of the b state was measured by Rogers
and Anderson, ® by studying the 53%*(s' =0)=a’ (2’ =1,
2,3,4) transition for a pressure range from 10-125
mTorr, These measurements used a hot cathode inver-
tron!! and a delayed coincidence detection scheme,
Their lifetime data were fitted to a single exponential
by graphical techniques using a record length of 0,5
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ps.' A discussion of the older work*=® has been given
by Van Sprang ef al.! and will not be given here.

In an effort to understand the rather large differences
between some of the previous results we have remea-
sured the lifetimes and the quenching cross sections of
this state and the cascade components in a delayed coin-
cidence experiment between a rapid electron gun shutoff
and photons from the b*c*(z’ =0)~a (v’ ' =0, 2) transi-
tions, In addition, we have also determined the optical
excitation function using the time resolved technique of
Golden et al.*

APPARATUS AND PROCEDURE

The experimental apparatus which is shown scheimnati-
cally in Fig, 1 consists of a pulsed electron gun, gas
target cell, and Faraday cup all located in an ultra-high
vacuum system. Photons which pass through quartz
windows in the gas target cell and vacuum wall are fil-
tered by a Bausch & Lomb high intensity UV -visible
monochromator and are detected by a RCA C31034A-02
photomultiplier tube (PMT) cooled to -20 °C. The pho-
ton pulses are processed with Ortec timing circuitry and
stored in a multichannel analyzer (MCA) or in an online
LSI-11 minicomputer,

The electron gun described previously'®:!* has been
modified for this work as follows: The retarding poten-
tial difference (RPD) element {element 3) has an added
grid structure which is electrically isolated from the
neighboring elements. A coaxial 50 @ terminator has
been connected to the RPD element to terminate a 50 &
vacuum coaxial cable connecting the grid to a PG-502
Tektronix pulser, The sixth lens element has been re-
designed to give increased control of the electron beam,
A 0,035 in, i,d, aperture has been added to the seventh
lens element to reduce the amount of unscattered elec -
trons collected by the front surface of the target gas
cell, This allows a more nccurate measurement of the
fraction of the current collected by the target gas cell
which is due to scattering events inside the cell, The
electron multiplier has been replaced by a Faraday cup
to permit absolute current measurements of the elec-
tron beam transmitted through the gas cell,

The axis of the optical system is perpendicular to the
electron beam and is delined by a 25 mm focal length

© 1979 American Institute of Physics 2345
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- lens of UV grade fused silica, This lens is mounted 1 in,

from the electron heam and pravides a f./l .0 cane of
ik it to the monucnruwator, 1ne uvpircal monochroma-

- tor has a reciprocal dispersion of 76 A/mm. To obtain
the best resolution with an exit slit width of 0.25 mm,
the optimum entrance slit width should be 0,50 mm,
However we used a 0,75 mm entrance slit and a 0,25
mm exit slit to obtain more light, This combination
gives a resolution of approximately 19 A. A static gas
line from ihe gas cell is connected to an MKS Baratron
cap-.citance manometer. With a pressure of 10 mTorr
in the scattering cell, the low pressure region of the
vacuum system is approximately 4x 10 Torr as mea-
sured by a Varian triode ion gauge,

Photon signals were time resolved with respect to the
turn-off of the electron beam, For lifetime studies, the
data were recorded using multichannel analyzers (MCAs).
The response time of this system is faster than 4 nsec,
To record the optical emission functions, a time region
was selected by the single channel analyzer in the time
to amplitude converter (TAC). The signal in this win-
dow was counted into one of six scalars interfaced with
the LSI-11 minicomputer and stored on a magnetic disk.

Delayed coincidence experiments may suffer from
several kinds of systematic errors in addition to random
experimental errors, For an extensive discussion of
these errors see Corney, !* Imhof and Read, ! and
Khayrallah and Smith,'” In the present work, the most
serious errors to he avoided or accounted for are spec-
tral overlap of emission lines due to the finite resolving
power of the optical monochromator, cascades from
higher lying states, and extraction of the decay con-
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stants from the data by computer {itting to a

cavaral nx’pnnnnl’ia\ <,

sum of

Wavelength scans were made in the region of intei‘est,
i.e., 2000-3500 A, to determine that the states studied
were free from overlapping states, %*2%" The spectra
were obtained using a resolution of 50 A FWHM at elec-
tron beam energies from 10,5 to 13,5 eV, For the op-
tical resolution used in this work no spectral overlap
was found for the third positive system for electron en-
ergies just above the »32*(»' =0) threshold, The

3 (' =0)= e ®m(p” =1) transition at 2977 A is nearly
overlapped by the 5°Z*(v* =1) = a*{v"’ =2) line at 2930 A.
However the 2930 A line is expected to be weak due to
the small excitation cross section of the 53%*(2' =1)
level, The b%s*(v’ = 0) = a*M{v’” = 0) transition at 2833 A
has an adjacent line at 2799 A [A'n(v’
These lines were resolved in the present case., The
3134 A line [63Z'( =0) = a *N(»* = 2)] is overlapped by a
line at 3138 A [C'Z*(v' =0) - a ("' =2)]. However by
keeping the electron gun energy set at the peak of the
532*(v’ = 0) excitation cross section, the C'E*(¢' =0)
state will not be populated since its threshold is 0.7 eV
above the peak. In addition, since this is an intercom-
bination line it is expected to be weak.

The relative optical excitation function as well as the
lifetime of the 32*(¢v’ = 0) level were measured by study-
ing the 2833 & (0,0), 3134 A (0,2), and 2977 A (0, 1)
lines with an electron energy resolutionof0,3eV. These
lines suffer from spectral overlap above the 16.5 eV
threshold of the A %11 comet tail bands (A %11 < X35*) and
from the first negative system above the 19,7 eV thresh-
old of the 525" state (B2’ - X?%").
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TABLE I. Nonlinear computer fit on test data.®
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Grussiuan

noise factor No. of
T T2 Ty {standard Calib. Exp. used Reduced  Initial Final
{ns) (ns) (us}) Ay A, A,y c deviations) (ns/ch) in Fit X Ch. Ch.
an 350 1.50 54000 1600 700 100 A1 5 3 aee 20 930
56.99 oo e 54406 e .- 352 ‘1 5 1 169 20 980
0,27 1187 +9
51 79 692 soe 54240 1751 soe 160 1 5 2 3.1 20 950
s 0 04 +5 +20 +10 2
30.93 351 1.50 55970 1582 701 99 1 5 3 1.008 20 9%0
10,04 £11 t0.07 124 +26 +33 5
51.49 402 1.79 53855 1548 ., 596 88 2 H) 3 4.260 20 980
0 08 +25 +0.20 +42 161 +70 +12
53.37 oo o= 54002 ese o 1270 1 0.5 1 7.15 20 930
+0.09 <93 +7
51.70 278 e 53780 2044 see 657 1 0.5 2 1.050 20 - 6§80
10,10 +32 1110 + 56 + 71
50,92 282 t.02 53970 1316 1053 112 1 0.5 3 1.040 20 980
058 £1222 +291 +2050 4140380 432900 +10°
50.18 326 1.43 20306 1427 721 102 1 5 3 1.013 30 950
+0.11 + 11 10,62 126 124 +31 14
31.93 370 1.55 7583 1173 630 97 1 5 3 1.023 40 980
+0.23 + 13 +0.91 221 128 +34 15
51.08 407 2.69 54029 1717 585 10710 1 5 3 0.890 20 500
+ 0.0 217 +0.96 128 152 +35
50.79 339 .72 541238 1590 825 10710 1 5 3 0.961 20 250
c0.25 + 97 +2.80 +174 472 + 421

3Uncertainties represent one standard deviation of the computer fit to the data.

Cascades have been avoided as much as possible by
keeping the electron gun energy near the peak of the
53%=*(¢’ =0) cross section at 10,7 eV. It should be noted
that this is just above its threshold at 10. 39 oV Anulv.-
Sio DAL QAL Ll sulicied va 0. o s full range time
scales showed the existence of weak long lived compo-
nents in the decay of the 53%°(»’ =0) state, even when
the precaution of using near threshold excilation of the
state was used. This necessitated lengthening the time
scile used in our lifetime work to provide accurate
analysis of these long lived components. It also re-
quired a computer fit of the data to a sum of exponen-
tials as expected for cascades:

N =AM A eV 24 A 6730 C (1)

where A, A;, and A; are the strengths of the component
decays and 7y, T;, Ty are the lifetimes of the prompt,
first cascade, and second cascade components {(which
may be pressure dependent) of the levels in question,
and C is a constant background due to dark counts in the
detector. It should be noted that while we have observed
at least two cascade components in the present work, no
dipole allowed transitions that end on the 53Z* were
found in the literature, %1#-2°

A compuler program which is more fully described
clsewhere,® was used to extract the lifotime components
by fitting the datu to Eq. (1) using a nonlinear method
of least squares. The program can fit up to four ex-
punentials plus a constant background and was tested
sine synthesized data containing chosen exponentials
pius varying amount of Gaussian distributed noise. #

It was found that the program could extract decay con-
~tanls ag long as the noise was les: than one standard
deviation,  The effect of varying the numbers of param-

eters used in fitting synthesized data and the resulting
reduced y° is shown in Table L. The parameters chosen
for this test are shown in the first row of the table. It
ghould ¥ o notod thot the valucs of 7 slowiy Lunverge iv
the chosen value of 7, as more exponentials are added.
In this case, when too few exponentials are present 7, is
too large. It can also be seen that doubling the Gaussian
distributed noise greatly increases the error associated
with each decay constant. The errors listed in Table I
are one standard deviation. The lifetime components
are obtained with less systematic error when a 5.0 us
record length is used as opposed to that obtained when

a 0.5 us record length is used. Finally, moving the
first channel of the analysis to longer times effects the
short lived exponentials and similarly moving the last
channel of the analysis to shorter times effects the long
lived exponentials.

The lifetime data were collected at pressures varying
from 1 to 20 mTorr. All data were collected such that
the channels just prior to the beam turn-off had at least
50000 counts. The majority of the data runs were
taken at a 100 kHz pulse repetition rate where the beam
was “on” for § us and “off” for 5 us. The MCAs were
time calibrated using an Ortec 462 Time Calibrator.

In no case did the MCAs show a time drift of more than
one channel over the full 1024 channels for a scale of

5 ns/channel. Two data acquisition systemswere used,
each using a separate MCA and TAC. The first was set
at 5 ps full scale and the second was set at 0.5 us full
scale.

To measure the optical emission functions, a total
photon signal was taken from the stop channel of the
constant fraction discriminator (Ortec 437A). This
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FIG. 2. Decay curve for the 535*v’ 20)—a*n{v "’ = 2) transi-
tion in CO at 3134 & at a pressure of 18.6x 107 Torr after a
run time ol 21.6 h. Region A is the time region for the mea-
surement of the total emission while Region 8 is the time re-
gion for the measurement of the prompt emission and Region C
is the time region for the measurement of the delayed emis-~
sion for a repetition rate of 1.019x% 10° Hz, a photon couat rate
of 1.2 kHz, at an clectron enevrgy of 10,7 eV.

signal corresponds to the case of an unpulsed electron
beam in which all excitation processes have reached
equilibriuin. Alternatively, a TAC has been used with
its time window set so that photong are counted only
during the time region marked 4 in Fig. 2. The delayed
emission curves were obtained by counting photons in
region C in Fig. 2 after the gun had been off for a time
greater than 8 or 10 prompt lifetimes of the »32*(»' = 0)
stute. The delayed photons correspond to long lived
popuintine mieshanieme which nanmate the staie aiier
those molecules which were directly excited to the b
state have decayed. By comparing total and delayed
excitation functions, one has a means of determining
the thresholds of these cascade processes,

EXPERIMENTAL UNCERTAINTIES

In our lifetime determinations the statistical errors
typically vary between 0, 2% right after cutoff to about
3.5% at the longest times used. The data were fit using
Eq. (1) to find the best values of all the parameters by
the method described above. A grid search which varied
each parameter about its best value independently was

1ee2p .

\-“-——‘

CCUNTS PER CHANNEL

e L - e e ]
8. 94 9 g4 10.94 11 94 12 94 13 9
ELECTRON ENERGY  CeVD
FIG. 3. Total optical excitation function for the b-a (0, 1) tran-
sition in CO at 2977 A at a pressure of 12,0% 107 Torr usinyg
300 meV resolution, for 20 meV/channel with a dwell time of
660 gec/channel,

FIG. 4. Delayed optical excitation function (440 nsec) delay)
for the b—a (0,1) transition in CO at 2977 A at a pressure of
12.0x 10" Torr using 300 meV resolution, for 20 meV/channel
with a dwell time of 660 sec/chamne). The points are three
point averages.

conducted to determine the uncertainties in the param-
eters, This grid search provided the range through
which the data could be fit by the seven parameters
(lifetimes and intensities) and still yield a reduced chi
square oi_less than two. The error bars used in Figs.

6 and 7 which are two standard deviations are the result
of this search, The uncertainty in the prompt decay at
the two standard deviation level (957 confidence) was typi-~
cally one percent, while the uncertainty at the 95% confid-
ence level for the first cascade was typically about 20%.

Five separate lifetime runsat the same pressure yielded
lifetimes within the above uncertainty liinits, Theuncer-
tainty quoted for the quenching cross sections represents one
standard devialion in Lhe slope of a welghted teasi squiles
fit to the reciprocal lifetimes vs pressure where each
data point contains an uncertainty of two standard devia-
tions, In the same manner, one standard deviation for
the intercept yields the uncertainty in the zcro pressure
lifetime at the 95% confidence level.

RESULTS AND DISCUSSION

The total optical excitation function shown in Fig. 3
was obtained using the total electron gun cycle. It should
be noted that the prominent resonance peaks and general
structure are in good agreement with the results given
by Fikui ef al.? and B§se.?* These structures were
used to calibrate the electron energy scale.

A delayed excitation function obtained using the time
region marked C in Fig. 2 is shown in Fig. 4. Note
that even though the excitation pulse has been off for
eight prompt lifetimes, an excitation function with a
threshold near that of the total function still persists.
It is clear from this curve that measurement of the
prompt lifetime using threshold excitation does not elim-~
inate cascades,

A semilog decay curve for the b - a {0, 2) transition
in CO is shown in Fig. 5. The best fit lo the data using
the method previously described is shown as the solid
line., The two dashed lines on the cxpanded scale rep-
resent the envelope of the extreme fits to the data as
determined by the statistical error limits of the data at
the 95% confidence level, Three lifelime components
were extracted from data like that shown in Fig. 5. By
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FIG. 5. Semilog decay curve for the data shown in Fig. 2.

taking data such as that shown at various pressures in
the range of from (1-20)x 10" Torr we studied the pres-
sure dependence of the various decay components.

The reciprocal prompt lifetime vs pressure is shown
in Fig. 6. The zero pressure extrapolated lifetime for
this decay is 51.86 + 0. 24 nsec at the 95% confidence
level. The slope of the plot yvields the collisional quench-

2

ing cross section which is (7. 7+ 3. 8)~ 107" c¢m?,

The pressure dependence of the first cascade compo-
nent feeding the b=-a transition is shown in the reciprocal
lifetime vs pressure curve in Fig. 7. The zero pres-
sure extrapolated lifetime for this cascade component
is 358 £ 20 nsec at the 95 ¢ conlidence level and the slope
of this plot yields a collisional quenching cross section
which is (7. 11 3.5)x 107" ¢ at the 95% confidence level,

The snennd cnacada cnminanant foading the b—a transi-
tion was very weak and we measured its lifclime to be
(1.510.9) usec at the 95% confidence level. The poor
statistics associated with this cascade did not allow its
pressure dependence lo be extracted.

We have summarized the present results in Table II, We
have alsoincluded the previous results of VanSprang et
al. 'smith et al. ® and Rogers and Anderson,®as well as our
reanalysis of the data of Rogersand Anderson,'? Ashas
been discussed above, if either too short an excita-
tion pulse or too short a record length is used, loo long
a prompt lifetime will be observed. Computer fits for

200t
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FIG. 6. Reciprocal prompt lifetime vs pressure for the b-q
(0,0)—e and (0,2)—e .

o
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‘e
L
» 30 ,___L__——AI
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FIG. 7. Reciprocal lifetime vs pressure for the first cascade

component fecding the b—a (0, 0)—e and (0, 2)—w levels of CO.

a single exponential to our data consistently gave a
prompt decay lifetime of 56 ns when a data record of

0.5 us or less was used. This lifetime was also obtained
when computer fits for one exponential were made to
data sets collected on 0.5 and 5 s lime scales when an
87 ns excitation pulse was used. However, in all cases
we did sce the 350 ns cascade when a two exponential fit
was made. It should be noted that our experiment with

a 0.5 us time scale and an 87 ns excitation pulse is
similar to the arrangement used in two of the previous
studies. ' This kind of arrangement has been commonly
used for measuring lifetimes in the 30-100 ns range
since a short excitation pulse und a short record length
will allow a higher repetition rate and a shorter collec-
tion time. In addition to the systematic errors seen in
the prompt decay lifetimes if cascades are present,
fitting to short data record lengths makes finding long
lived exponentials difficult since usually not even one
e-~folding is present, and the use of short excitation
pulses will not allow the long lived processes to saturate.
In both cases the long lived processes are not elimi-
nated hut are decreased to the point that they cannot be
accurately determined although they may still effect the
prompt lifetime of interest. In this work excitation
pulses several times longer than the longest lifetime
detected have been used so that the long lived compo-
nents could be fitted with precision.

The difference between the prompt lifetime determined
by Smith, Imhof, and Read,® and that determined in the
present work is about 1 nsec larger than that given by
the combined error limits of the two experiments.

Smith et al. made a 3% slope correction to their data
before analysis. The 3% slope could correspond to an
exponential with a lifetime of about 450 ns. It is possi-
ble therefore that the cascade process was misinter-
preted as the photon count rate error commonly en-
countered in coincidence wark. Since in the present
work the data rate is less than 0. 1% of the pulse repeti-
tion rate, we should have an insignificant photon count
rate error. In addition, we found that three exponentials
were necessary to analyze our data. Inour analysis of
test data we found that when two exponentials were used
for data analysis, a prompt lifetime which was 1 ns too
long was recovered. It seems likely that this is the
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.

"FABLE II. Lifctimes and collisional quenching cross sections for the bze (v * = 0) state of CO.

First
Prompt cascade
Second cascade quenching quenching

lifetime (nsec) cross section cross section
(ry) (cm?) (cm?)

Prompt First cascade
lifetime (nsec) lifetime (nsec)
Investigator (ry) (1)
This work 51.861:0. 24 338120
Van Sprang et al. (Ref. 1). 5611 Not mentioned
Smith et al. (Ref. 2). 53.610.3 Not mentioned
Rogers und Anderson (Ref. 3).  57.6¢1.24 Not mentioned
Rogers and Anderson (present 54.625.8 3401 200

analysis, see Ref. 11).

1500 + 900 (7.7+3.8)x 107" (7.13.5)x 107"

Not mentioned Not mentioned Not mentioned

Not mentioned <2x10M Not mentioned

Not mentioned Pressure independent Not mentioned

Indeterminate (1.2820.51)x10°"! Indeterminate

explanation of the discrepancy. It is also possible that
the electron monochromator in the experiment of Smith
el al.? did not exclude electrons that have scattered
from the nearby perturbing vibrational levels of the
a’*=*. In this case long lived «’ levels could have been
counted as coincidences. However, this effect should
be small,

Our computer analysis of the data of Rogers and
Anderson®? yields at best two exponential decay curves.
Our attempts to fit three exponentials to the data of
Rogers and Anderson have not been successful. We
attribute this failure to their short data record length
{600 ns) and their poor statistics (typically 3000 counts

- in the initial channels). Our reanalysis of their data

vields a pressure dependent lifetime of 54.6+ 5.8 ns

Wit @ gutiivinig vivow veeon 2502.28:0.51)x 107

- cm? in agreement (within error bars) with the present

results, We believe that their result is systematically
high due to the short record length used (see Table I,
This explanation is also applicable to the difference
between the prompt lifetime result of Van Sprangef al.!
and that given by the present work, Inaddition, VanSprang
¢t al. usedan electron energy of 13 eV which is only leVv
below the ionization potential of CO. This introduces

a number of problems which have been discussed above.
Furthermore, our reanalysis of the data of Rogers and
Anderson, ' supports the conclusion based on our own
data that multiple exponentials are present in this decay.
The first cascade component found by us in our reanaly-
sis of the data of Rogers and Anderson has a lifetime

of (340 200) ns. However the statistics for this cascade
component are so poor that it is difficult to determine

if any pressure dependence exists. The lifetime given
in Table U for the first cascade from our analysis of

the data of Rogers and Anderson is the mean of all of
their data, The error given in the table is the square
root of the variance of the mean.

Long lived (1 ms) metastable thresholds have been
observed in the region of 10-11 eV by Wells ef al.? In
order to insure that the cascades observed in the present
work were not due to such metastable states, we used
an electron gun repetition rate of 12 kHz and a TAC
record length of 40 s, In this way, an extremely weak
exponential was detected with a lifetime of (5 + 10) jsec.
Its amplitude was only 25 % of the background and no

other long components were detected. So we have not

found any conclusive evidence for attributing the cascades ‘

to such a long lived metastable.

It is likely that the origin of the first cascade into the
5°%* state is due to the v’/ = 32-41 levels of the a’ *=*
state, since the high vibrational levels of the a’ state
are known to strongly perturb the v’ =0and 1 levels of the
532" state.®® This conclusion is supported by the
fact that the quenching cross sections of both the
prompt and first cascade components of the decay
are equal.
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Electron-photon angular correlation measurements of He (1'S,-2'P)
excitation by electron impact at 80 eV

N. C. Steph and D. E. Golden
Department of Physics and Astronomy, University of Oklahoma, Norman, Okluhoma 73019
(Received 22 May 1979)

The electron-photon angular correlation function was measured between 80-eV electrons which excited the
2'P, state of helium and 58.4-nm photons from the decay of that state for electron scattering angles ranging -
from $° to 100°. The data have been analyzed to yield values of the ratio A of the differential cross
section for exciting the M; = 0 sublevel to the total differential cross section and the magnitude )i of the
phase difference between the M; =0 and M, = 1 excitation amplitudes. The data agree with all previous
measurements within one standard deviation, with the exception of the large-angle values of A obtained by
Hollywood, Crowe, and Williams. Possible causes of these discrepancies are discussed. The values of A and
Ixj obtained in this work agree quite well with those given by the distorted-wave calculations of Madison

over the entire angular range.

i. INTRODUCTION

The study of correlation between outgoing com-~
ponents of an electron-atom scattering experi-
ment can yield information about the internal
symmetries of the target, provided the experi-
mental geometry is properly prepared. In an
inelastic scattering experiment, the angular
correlation between scattered electrons which
have excited a particular atomic state and photons
from the decay of that state, leads to knowledge
of the excitation cross sections for the degener-
ate marnotie euhlovalae as well as the relative
phase of the corresponding excitation amplitudes.
Alternatively, the alignment and orientation
parameters which describe the polarization and
anisotropy of the radiation are specified. Such
a scattering experiment is thus the most sensi-
tive test of a theory of atomic excitation because
it can measure all of the quantum-mechanical
ohservables. )

In the present work we consider the excitation
of the 2P state of He. Since both the general
subject of electron-photon angular correlations
in atomic physics' and the specific topic of elec-
tron-helium excitation? have been recently re-
viewed, only a brief discussion will be given
here.

The first electron-photon angular correlation
measurements reported were for the excitation
of the ?'P state of helium.? In these experiments,
2P —- 1S photons were detected as a function of
angle 0, in the scattering plane in delayed coinci-
dence with electrons, which had excited the 2'P
state and been scattered to various scattering
angles ¢, at various electron impact energies E.
The wave function of the 2P state is completely
determined within an arbitrary phase factor by

the cross sections for exciting the magnetic sub-
levels of the 2'P states, o,,0,=0.,, and the rela-
tive phase y between the corresponding scattering
amplitudes.” The standard parameters used to
describe the scattering are o, the differential
cross section for exciting the 2'P state (0=¢,
+20,), A=0,/0, and . The parameters \ and y
may be determined from a measurement of the
electron-photon coincidence rate which was origi-
nally given by Macek and Jaecks.*

The 1974 measurementsof Eminyan et al.,?
which were the first to determine A and |x! for
tne Z'F state ot hellum, covered the energy
range from 40 to 80 eV for a range of 4, from 16°
to 40° and the energy range from 100 to 200 eV
for a range of 6, from 16° to 20°. The angular
ranges at 80 and 120 eV were extended to 11° and
10°, respecitvely, by Ugbabe ef al.® in 1976. In
1977 Tan et al.® used a linear polarization filter
at 50 eV to cover the angular range from 5‘ to 42°
and at a fixed scattering angle of 42° to cover the
energy range from 32 to 80 eV. In 1978 Sutcliffe
el al.” extended the measurements of A at 80 eV
to the range from 5° to 155° by restricting the
photon detector to 90°, and thus no determination
of x was made. All of these experiments are in
excellent agreement for X and |x| at 80 eV in
their common angular ranges. More recently,
Hollywood ef al.® measured both \ and |x| at 80
eV for the angular range 10° to 130°, Their
values of A at 16° and 25° are lower by 9 and 127%,
respectively, than those of Eminyan ¢t al.,” and
their results disagree even if the uncertainties
are increased to two standard deviations or 957
confidence limits. In the range from 50°to 70°
they agree with the results of Sutcliffe ¢f «l.,’
while their value at 90° is substantially lower
than the value of Sutcliffc ¢t al.” Their values of
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Ix] are in good agrecement with previous measure-
ments in their common angular ranges.

There are many calculations of both X and |x|
using several different techniques.®™*® The dis-
torted-wave calculations of Madison and Calhoun,®
give values of A at 80 eV, in excellent agreement
with all of the data of Sutcliffe ef al.,” while
another distorted-wave claculation by Baluja
and McDowell'® does not agree with any of the
data. The recent R-matrix calculation of Fon
et al.™ is in fair agreement with the small-angle
data for A at 80 eV, and, although somewhat
lower than the large-angle data of Sutclifte et al.,’
it is substantially higher than the large-angle
results of Hollywood ¢t al.®

The only measurements of |x| at 80 eV which
extend to large values of ¢, are those of Holly-
wood ef al.®* The R-matrix calculations of Fon
et gl." and the distorted-wave calculations of
Scott and McDowell,'® and Baluja and McDowell*®
are the only calculations thus far that give results
which resemble the measurements. However,
none of these calculations is in very good agree-
ment with each other or lhe measurements of |y
over the complete angular range.

Il. APPARATUS

The experlmenhl apparatus is shown schemati-
Cully mi Tage 1o Toen aeevswction region is formed
by crossed electron and atomic beams. Delayed
coincidences are detecled in the scattering plane
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between inelastically scattered electrons which
have excited the 2'P state of helium and the pho-
tons from the decay of this state. The apparatus
consists of a rotatable electron gun (EG), a rota-
table hemispherical electron-energy analyzer
(EEA), and atomic beam source, a double-walled
Faraday cup (FC), and a fixed photon detector
(PD). The EG uses an indirectly heated triple-
oxide-coated cathode in a Pierce configuration.
Conventional tube lenses focus the electron beam
onto the atomic beam and give an operating beam
current of between 1 and 20 pA as a function of
anode voltage at an electron energy of 80 eV.
Minor misalignment of the beam can be compen-
sated by an electrostatic quadrupole lens. The
energy distribution is 250 meV full width at half
maximum (FWHM), and the full angular spread
of the beam is 2.8° (1.2° FWHM). The FC col-
lects the unscattered electron beam and is
nounted so that when electron scattering angles
of less than 25° are studied, it is displaced by
the EEA. A spring lever returns the FC to its
stable position when the EEA is returned to
angles greater than 25°

The EEA may be varied in angular pusition
between -5° and 150, Its angular position is
determined by a Vernier scale visible through
a window in the vacuum wall. Electrons scat-
tered at a particular angle enter an acceptance
cone of solid angle 7.2% 10" sr as scen from the
scattering center and are decelerated and focused
onto the entrance slit of the radial electrostitic

C*—Q—/f:"—) FIG. 1. Schematic diagram

of the apparatus (not to

/TA ‘ scale). The helium beam
emerges perpendicular to the
plane of the dingram, which

rj
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_.J/

C
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represents the scaftering
plane. ‘The symhols are EG,
electron gun: EEA, electron-
energy analyzer; FC, Fara-
day cup; PD, photon detector;
TFA, timing filter amplifier;
DISC, discriminator; CD,
cable delay: CTR, counter;

. TAC, time-to-amplitude
converter; MCA, multi-
channel analyzer.
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field of the EEA. The EEA resolutionis 300 meV
FWHM and the transmission profile due to the
combined energy distribution of the incident beam
and the EEA resolution is 400 meV FWHM. This
is sufficient to separate 2 'P from all states
except 23P, which is a negligible component.

The energy-selected electrons are collected by

a Galileo-type 4039 channel electron multiplier
(CEM). :

The 58.4-nm photons from the 2'P — 1'S transi-
tion are detected in the scattering plane with an
identical CEM in the photon detector (PD). The
PD is fixed and the photon emission angle may
be varied between 50° and 145° by rotating the
electron gun. Its angular position is determined
by a second Vernier scale visible through another
window in the vacuum wall. Photons emitted at
a particular angle enter an acceptance cone of
solid angle 2,4X10 sr as seen from the scatter-
ing center. Three grids are mounted in front of
the CEM. Two are biased to prevent the arrival
of both positive and negative charged particles
at the CEM and the third is grounded to prevent
electric field penetration into the scattering re-
gion.

A well-collimated atomic beam is produced by
effusing helium through a single capillary tube
25 mm long and 0.5 mm in diameter. To further
reduce the wings of the atomic beam, a skimmer
nf N R_vmim diamatar ic nlared 1| mm from the out-
let of the tube and is differentially pumped. For
this work, the background system pressure was
4.0%x107" Torr, and the pressure in the beam has
been estimated to be 4.0%10™ Torr with a beam
width of 0.5 mm,

The EG, EEA, PD, etc. are all shielded by
grounded oxygen-free high-conductivity copper
(OFHC). The experiment is contained within a
Molypermalloy magnetic shield. The maximum
field strength in the interaction region was <8
mG measured with a Rawson-Lush rotating coil
Gauss meter. The magnetic shield is contained
within a stainless-steel vacuum chamber and the
experiment is bakable to 200°C, and attains a
base pressure of <1x107 Torr.

11l. DATA ACQUISITION

The EG is rotated with respect ot the PD to the
desired value of 6,. The position of 8,= 0 is then
determined by turning the EEA through the elec-
tron beam, and the angular width of the electron
beam is checked. The measured FWHM of the
beam is conststently found to he 1.2°. The EEA
is then rotated with respect to the EG to the
desired value of 8, and an energy-loss spectrum
is obtained (see Fig. 2). Photons and electrons

i B

are collected in solid angles @, and Q,, respec-
tively, and the corresponding pulses are ampli-
fied and fed into a time-to-amplitude converter

8§————r—r———————

ELECTRON COUNT RATE (10’ sec™)

ENTRGY LOSS CeV)

i)

25

(2'p, 2%
12 - ]

ELECTRON COUNT RATE (0.5 sec”)

1938 2018 2098 32178 2254

ENERGY LOSS (eV)

FIG. 2. Helium energy-~loss spectra at 80 eV at elee-
tron scaltering angles (1) 8,=10, () 8,=90", The total
encrgy resolution is 0.40 eV FWHM. The 2% siate is
not resolved,
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(TAC). The inelastically scattered electrons re-
quire about 130 ns to travel to the CEM and these

electron pulses are used to start the TAC. Pulses

from the photon channel are passed through a
250-ns cable delay and are used to stop the TAC.
Electrons and photons from the same scattering
event arrive with a definite time correlation.
These true coincidences are made to fall into a
group of about 20 channels of a 1024-channel
multichannel analyzer (MCA) [0.90 ns/channel]
corresponding to a range of delays Af. The
width A? is mainly determined by the time reso-
lution of the apparatus since the lifetime of the
excited state is only 0.58 ns. Accidental coinci-
dences occur when the TAC is started and stopped

by electrons and photons from different scattering

events or by noise counts. This background is
determined by fitting a straight line y; =a +bi,
where i is the channel number, to the background
counts, excluding the 30 channels centered on the
coincidence peak.’® The number of true coinci-
dences and its variance are then determined by

5ee8

COUNTS PER CHANNEL
g

ae e e v, et [P .'.z;.-_-'-.-,,,-'.._'-,_..».z;

1

L .

125 200
CHANNEL JaBER

FIG. 3. Delayed coincidence spectrum for an electron
energy of 80 eV, 6,=5°, 6,=90°, The TAC was started
on electrons and stopped on photons. Accumulation time
~11 h, channcl width 0.9 nsec, inelastic electron rate
~9.5 kHz, photon rate ~4.2 kliz, clectron-beam current

~1.1 pA, background pressure 3.5 %x10°7 Torr. The lincar
least-squares fit to the background has a slope of -0.021
counts per channel, and the intercept is 1741.4 counts.
The number of coincidences is 28400 & 250, the total
number of clectrons detected is 3.76 X10%, and the num-
ber of true starts is 3.52X10%, The dead time of the
Ortec 157 TAC was ~ 6.5 usec.

21

ch E.A"—)"-, (l)
¢

03 = 3, (N, +o? + %), (2)
Y]

where N, is the number of counts in the ith chan-
nel, VN, is the counting uncertainty of N,, o is
the variance of intercept, and o} is the variance
of slope. The coincidence rate is N, =N,/T
where T is the collection time. The accidental
rate per channel i is N, =y,/T. An example of

a coincidence spectrum and the least-squares fit
to the background is shown in Fig, 3.

1IV. DATA ANALYSIS AND STATISTICS

The expression relating the rate of coincidences
to the parameters A and x as given by Golden and
Steph? is

. 31
Nc(am 67)=a" —EEOE,G'JC(GG, 9,)f(\, X 97) ’ (3)

where I, is the incident electron beam current, e
is the electron charge, ¢, and ¢, are the efficien-
cies of the electron and photon detectors, respec-
tively, and

SO, X, 6,) =\ 8in*6, + (1 —1) cos®d,
- [x(1 =2)]*/2 cosy sin2e, (4)

is the anoular earrcelation function and

I,6,6)= [ p(2)80,(2,0080,(2, 64z,  (5)
ic

where we have taken I, to be along the z axis.
p(z) is the density of target atoms, AQ, and AQ,
are the solid angles subtended by the electron
and photon detectors, respectively, as a function
of the position of a scattering event along the z
axis, and /_ is the interaction length viewed
mutually by the two detectors. Provided thate,
does not have a significant variation during the
measurement, the effect of variations in the
electron beam intensity, atomic density, and
electron detector efficiency can be eliminated by
normalizing the number of real coincidences N,
collected in a time T to the number of electron
pulses N, that started the TAC in this same time
T,

N, =T[(./de o+ (8,)+7,), 6

where o' is the ¢ross section for the production
of electron counts in the window of the eneryy
analyzer due to states other than 2'P, :').. is the
count rate due to electronic noise, and
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21 ELECTRON-PHOTON ANGULAR CORRELATION MEASUREMENTS... 763
where [, is the interaction length viewed by the JO,x.8,) J.(6,, 7)) n(s,, @)
electron detector. In performing the experiment, A " J{0,,8,) alo,,in)"
the discriminator in the electron channel is ad-
justed so that i, is zero. The normalized num-
ber of coincidences is then

(10)

Then, using x=(1-1)/A and z =cosy as param-
eters, we use the method of least squares and
derive analytic expressions for the optimum

N, 3 J.(8,,8,). values of A and |x | and their standard deviations
=—fa— bt S St 14
L N, 8nl+9'/o0 J[8) Fx: 6. (8) in terms of the data and their standard devia-

Since the analysis is done at fixed 6,, assuming Hons.

that ¢, is constant, we may collect all quantities

which only vary with 8, into one term A(8,} and

write In order to insure that the results are free
from any systematic effects, various possible

V. DISCUSSION OF SYSTEMATIC ERROR

1(8,,8,) =A{68,)7.46,,6,)f(x,x,8,). (9) sources of systematic error have been considered.
The calculation of the integral given by Eq. (5)
The integral J, may be evaluated analytically as accounts for contributions to N_ due to scattering
shown in Sutcliffe ef «!.” The values of J, (,,0,) from both beam and background helium. As can
obtained in the present case are shown in Fig. 4. be seen in Fig. 4, J.(4,,6,) has no significant
To insure that ¢, was constant during runs ata variation for 20°< 6,< 160°,, This is mainly due
fixed 6,, the photon count rate was measured to the use of two 1.33-mm apertures which are
several times during the run for each value of 8,. separated by 1 cm and form the grounded snout
The variation of ¢, for a given 6, was always less of the EEA. Measurements of the electron beam
than 1%, profile with the EEA lens elements grounded
If angular correlation data at fixed 6, for vari- gave virtually the same shape as measurements
ous values of 6, are normalized to data abtained with the EEA lens elements at thier operating
at 8, — 1w, A(8,) in Eq. (9) does not need to be potentials. This shows that the EEA acceptance
determined. Thus, profile is determined solely by geometry. Thus
1 —— . - e — —
1 .asr 4
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the snout places geometrical limits on the length
1,. In addition, the angular divergence of elec-
trons entering the focusing electrodes is limited
to 3°. This alleviates problems with background
counts at small electron scattering angles, where
elastic scattering is large, and at large electron
scattering angles, where A\'(, is small (< 20 counts/
sec) and can be seriously affected by spurious
electrons.

When the TAC is started by electrons, it is
important to note that the detector efficiency ¢,
includes both the efficiency of the CEM and the
probability that an electron pulse will start the
TAC. Thus an electron which is detected but
fails to start the TAC is no different from an
electron which strikes the CEM but fails to pro-
duce a pulse; neither can produce a coincidence.
Since this dead-time correction is necessarily
count-rate dependent, it varies with both ., and
8,. This problem is completely eliminated by

r
normalizing the data to N,, where N, represents

only those electrons which actually start the TAC, -

during the collection time T.

The normalized number of coincidences given by
Eq. (8) is proportional to (1 +0'/g)™". The ratio
¢’/v can become quite large for large values of 6,.
This can be seen in the energy-loss spectrum for
6,-:90° presented in Fig. 2(b). For a given value
of &, the ratio o’/ is a minimum when the pass
energy of the electron energy analyzer is centered
nm Wb smewems Qoo el P ppgure that o' /o
was a minimum, an energy-loss spectrum was
taken prior to each data run to establish the
position of the 2'P peak. To ensure that o’/o
was constant during a data run, the relevant
potentials were monitored and another cnergy-
loss spectrum was taken at the completion of
each run to ensure that there was on change in
the position of the 2P peak.

When the coincidence data are normalized to
the number of electrons, it is prudent to ensure
that the energy resolution is sufficient to resolve
the 2P peak clearly. The potentials of all
power supplies are subject to some drift and in-
stabilities, and several power supplies are
involved in maintaining an clectron energy analy-
zer at the proper pass energy. Instability or
drift away from this setting decreases the num-
ber of true coincidences detected, If the 2'P
state is clearly resolved, then the number of de-
tected electrons will similarly decrease so that
the ratio N./N, is virtually unaffected by power-
supply instability. However, if the energy reso-
lution is so broad that the 2P state is not re-
solved, then instabilitics in the analyzer pass
energy lead to changes in N that are unrelated
to the changes in N,. N, may decrease more or

less than N, or N, may increase. This leads
to an additional uncertainty in the ratio N /N,
that is difficult to estimate.

We have also analyzed the data by dividing N
by the number of accidentals in the peak channel
of the coincidence spectrum, N2, The pertinent
equations for this analysis may be found in Sut-
cliffe ¢t al.” This procedure results in larger
uncertainties in the parameters because N? must
be determined by fitting the background, and the
angular distribution of photons must be measured
and used in the fit. However, for all angles
studied, the optimum values of A and ]\! are
virtually the same regardless of which of these
two normalization procedures is used. Since
normalizing by N! removes the dependence on €,
this demonstrates the absence of significant
instability or drift in the photon detector; and in-
dicates that the effect of dead time on true stops
is negligible in this work. For most of the data
runs, an additional TAC and MCA were used to
obtain a coincidence spectrum starting on photons
and stopping on electrons. While the number of
coincidences obtained in this configuration is not
a different measurement of N_ and cannot be used
to lower the counting error,'” it served as a con-
sistency check on the electronics. In all cases,
the ratio N_/N? was independent of the TAC con-
figuration. However, the raw number of coinci-
dences N_differed considerably depending upon
whether electrons or photon started the TAC.

Since a quadrupole steering lens is included in
the EG to correct minor misalignments, it is
possible to move the electron beam without a
significant change in the current to the FC.

Such minor adjustments in this steering lens

did not change R, or R,. To eliminate any un-
certainty in the angular position of the EEA, the
position of the beam is checked prior to each
individual point by turning the EEA through the
electron beam to determine 8,=0. This is par-
ticularly important for values of 6, where A is a
rapidly varying function of 6,. In addition, since’
the FC is displaced during runs at €,< 25°, the
uncollected beam can scatter through the appara-
tus and cause additional 2'P excitations, This
effect can be seen in the present work as an in-
crease in the photon count rate of 2% for 6,
<25°% Because the ratio ,/2,=33.3, we would
expect this effect on the clectron count rate to be
much smaller, and the effect on the coincidence
rate to be smaller still.

Uncertainty in the value of €, is particularly
important in any angnlar-correlation experiment,
since it would alter the phase of the sinusoid
described by Eq. (4). In this experiment, the
coincidence rate at ¢, .- 90" is used to normalize
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the data at other values of 6, to enable an analytic
determination of A and |x|. The position of ¢,
=-90° was established to ~+1° by measuring the
distribution of photons in a plane. This distribu-
tion has the form

1(8,) = 1(90°)(1 - P cos%9,), (11)

where I(8,) is the intensity of photons emitted at
an angle 6, with respect to the incident-beam
direction, and P is the polarization fraction. The
position of the maximum of this distribution de-
termines 6,=90" in this experiment.

The problem of resonant trapping has been
considered in some detail by bo*h Eminyan et al.?
and Hollywood et al.® These authors show that
resonance trapping at 6,:= 16° has a negligible
effect on X but increases the value of |x] as
pressure increases. As pointed out in Golden
and Steph,” when |x| is small (<0.5 rad), the
amplitude of the angular correlation function
S0 x, 8,) is solely determined by |x| and its
phase by x. This implies that the effect of reso-
nance trapping is to add a uniform background to
Sf(A,x, 8,) which results in a decrease in its am-
plitude. Since this uniform background is inde-
pendent of 8, then its effect at larger values of @,
would be to decrecase both X and lxl . To insure
that resonant trapping would nct be a problem in

this experiment, we studied the background pres-
sure dependence of the photon detection rate at
6,--90°, and the results are shown in Fig. 5. The
linearity and the zero intercept of the results
indicate that resonant trapping is not present at

a significant level and also shows that there are
no charged particles affecting the photon count
rate.

One final systematic effect considered is the
angular resolution imposed by the finite size of
the detectors. In the absence of a known shape
for x(8,) and x(8,), it is difficult to determine the
effect of the angular resolution of the EFA, Ad,.
For this work A6, was restricted to a flat re-
sponse of 11°, and therefore any significant
effect would require an extremely sharp maxi-
mum or minimum in )«(ue) or x(8,). Thus no
effect was attributed to Ad,. Since the shape of
S, x, ¢,) is known, the effect of the angular reso-
lution of the PD A6, is veadily calculated.' The
effect of a finite angular resolution on 2 measure-
ment of a sinusoidal function such as f(A,x, 6,)
is to decrease its amplitude. This change in
amplitude is a function only of the shape of the
angular resolution, and the fractional decrease
is independent of amplitude. Therefore, if the
shape of the angular resolution is known, the
data can be corrected in the following way. De-

c
(]
:‘\
L
8 40 |L §
©
= 3
1l
f..
e 30 - |
%
L
3 .
o 20 J
O i
7
o
o
T 101 {
0
A JE— P —— i - e
) Q.2 0.4 0.6 0.8 . 1 1.2

BACKGROUND PRESSURE

(/uforr)

FIG. 5. The pressure dependence of the photon count rate for two values of ¢,. The curves are linenr up to a hack-

ground pressure of 1optorr,

R VTR R ) NV SR SIN W PR

SRS I

B T T T S —
-t CENN

FEF

N - W

Tl s el




766 N, C. STEPIl AND D. K. GOLDEN 21

termine the fractional change in amplitude AA of
sine wave by folding it with the known angular
resolution function of the detector. Find the
best fit of the uncorrected data f(6,), and from
this fit determine the inflection angle 6,] f(8,)
=0.5]. The correction for any point £°°7(9,)

is then

feor(e,)= £(8,) + AA[f(6,) - f16,)]. (12)

Assuming that the detection efficiency is constant
across the face of the photon detector, it has a
flat angular response of +5°, This implies that
AA=:0.006, and, since the maximum possible
amplitude of f(A,x, 8,) is 0.5, the maximum
possible correction is 0.003. This is only sig-
nificant for points near 6_,,, the minimum of
S(x,x, 6,), and then only for §,<20°. The effect
of small changes in amplitude on !X[ is detailed
in Ref. 2. :

V1. RESULTS AN DISCUSSION

The present experimental results are summar-
ized in Table I, where values of A, |X| , and O,
are presented for various values of §,. The
angular-correlation function measured in this
work for 8,=10° is shown in Fig. 6. Since the
use of Eq. (10) allows an analytic solution for the
parameters A and |x], it is only necessary to
Bilstons w Sigicyy pey Sein 21000, 0,) at two other
values of 8,. When the 0,=10° data are analyzed
using all 11 data points shown in Fig. 6, the
results obtained are X =0.488+0.016 and |x!
=0.37110.038. When the data are analyzed
using only the three points 8, =52.5°, 90°, and
135°, the results are A =0.485+0.018 and [x|
=0.376 £0.059. Thus the results are not signifi-
cantly different. However, when only three
points are used, there is an increase in the uncer-
tainty which is accompanied by a significant re-
duction in the data-accumulation time. Even

TABLE L Values of the parameters derived from the
mecasured angular correlations as a function of the elec-
tron scattering angle 0., for an incident eneryv of 20 eV,
Uncertainties quoted represent one standard deviation.

0, (dep) A ixl (rad) Umin (deg)

i} 0.766 +0.020  0.,231:0.220 24,57 :1.71
10 0.488:0.016 0.370 +.0.038 45,71 : 0,94
20 0.297:0.014 0.568 +0.054 5R.86 +1.08
30 0.444t0,023  1.182:0.053 53.27 + 3.34
50 0.919£0.054 1.99110.146 -7.47 : 3.86
60 0.903+0.074 2,424:0.,416 ~14.45:7.70
80 0.861 +0.102 2,570 :0.402 —19.44:9.02
90 0.871:0.103 2,001 +0.243 -10.33 +7.70

100 0.838:0.103  1,842:0,175 ~8.16 ¢ 6.64

though we need to measure N (4,,6,) at only
three values of 8, the data accumulation time
can become prohibitively long at large values of
6,. A total of 28 days was required to accumu-
late the data used to obtain the angular-correla-
tion function at 6,=100°. In order to reduce the
uncertainties in X and x| by a factor of 2, it
would be necessary to increase the data-accumu-
lation time or the product 2.9, by a factor of 4.
Increasing the product 2,2, carries with it an
angular averaging problem, and increasing the
data-accumulation time is not practical.

The measured variation of A with 6, is pre-
sented in Fig. 7(a) for the range 5° <6, 50°
and in Fig. 7(b) for the range 60° <€,< 155°,
together with the results of previous measure-
ments. The measured variation of |x| with @, is
shown in Fig. 8, together with the results from
previous measurements and calculations. The
present results for |\| agree with all previous
measurements in their common angular ranges.
The present results for X agree with all previous
measurements for values of ,<70°. Our value of
A at 6,=90° agrees with the result of Sutcliffe
et al.,” but our values of A for 6,=80° 93°, and
100° are about 20-40% larger than the corre-
sponding values obtained by Hollywood ¢t al.,?
who sfate that their angular correlation data
were otaingd By starting o TAC with ghotons
and stopping with electrons, and that the values
of V. obtained were normalized by dividing by
the total number of electrons detected during the
accumulation time. As we have discussed in Sec.
V, values of N obtained using photon starts
should be normalized to the number of accidentals
to eliminate TAC dead-time effects on the value
of ¥, We have measured coincidence spectra
at 6,~20° and 90° using photon starts, When we
analyzed the 20° data using the technique dis-
cussed by Hollywood ¢! al., we obtained a value
for X of 0.285 and a value for |x| of 0.578. When
we analyzed the data at ,=90°, we obtained a
value for X of 0,760 and a value for |x| of 1.996.
The values of A and |x| obtained at §, =10° are
4% less and 1.6, greater than those obtained
using our method. At 8,=90° the value of |x|
is unchanged, while the value of A is 14.6° less
than that obtained using our method. Thus the
major effect of the analysis discussed by Holly-
wood ¢! ul.® is to obtain too small a value of A
at large values of 8,, where the photon count
rate is large compared to the electron count rate.
Since this effect is count-rate dependent, it is
difficult to estimate how much the values of X
obtained at large values of @, by Hollyweod et al.
would be depressed by this normalization proce-
dure. However, because the backyround helium
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r\?\ FIG. 6. The electron-
o)) photon angular correlation
N for the present work for 6,
>
\ =10° at 80 eV.
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FIG. 10. Variation of 8y, with electron scattering angle for an incident electron eneryy of 80 ¢V: o, present work:
©, results of Ref, 3; O, results of Ref. 5, m, rosulls of Ref. 8; solid curve, calculation of Ref, 14; dashed curve, cal-

culation of Ref. 18.

1S A NEEIILIe vateLy an uie wuase Of Hollywood ¢f
al.,* we would expect that A\", had a larger varia-
tion with 9, than in our experiment and therefore
this count-rate-dependent eficct would be larger
in their apparatus than in ours. Qur analysis
leads to the conclusion that, for a large ratio of
N,/‘\?e, the method of analysis discussed by Holly-
wood ¢! al.t yields an angular correlation function
with too small an amplitude and an altered phase,

It should also be noted that the energy resolu-
tion of the apparatus of Hollywood ¢t al. was 900
meV. Thus they were unable to resolve the 2'P
peak at large values of 6,. This could have in-
creased the uncertainty of their results, as dis-
cussed in Sec. V.

The present results for x are compared with
the results of several calculations in Fig, 9. All
of the present data points are in agreement within
one standard deviation with the calculation of
Madison and Calhoun.” It should be noted that
the most recent R-matrix calculation of Fon ¢!
al.’* agrces fairly well with the present large~
angle data, and the only serious disagreement
is at the minimum (6,~20°). In contrast, their
results for |x| agree remarkably well with all
of the data of 8,< 20°, while their results dis-
agree with all of the data at larger angles, A

recent paper by Madison’” details the resuits oi
Madisen and Calhoun® and includes a calculation
of x which is shown in Fig. 8. While this calcu~
lation gives values of [\[ somewhat large than
the measurements in the range of §, from 15° to
307, it is in excellent agreement with all of the
experimental results at all other angles.

Finally, in Fig. 10 we present the values of 6, ,
the position of the minimum in the angular corre-
lation function f(A, X, 6,) as a function of 6,. Since
this function depends upon the values of both X and
le, it gives a much clearer picture of the agree-
ment between various theories and the experiment-
al results. All of the experimental data are in
agrcement wit the exception of the points at 90°
and 100°, The R-matrix calculation of Fon et al.'*
agrecs reasonably with the present results at all
angles. The distorted-wave calculation of Madi-
son' is in even betler agreement with the present
results. The deep minitnum seen by Hollywood
el al.® at about 957 is not predicted by either of
the calculations.
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Alignment and orientation in the electron-impact excitation of the 2'P state of He from 40 to
500 eV

N. C. Steph and D. E. Golder
Department of Physics and Astronomy, Unicersity of Oklahoma. Norman, Qkluhoma 73019
(Received 14 November 1979)

Eleciron-photon angular correlations between electrons which have excited ¢he 2'P state of He and
photons from the 2'P--1'S transition have been studied for 100-, 200-, ..nd 500V incident elcctrons.
Values of A and ] obtained from these measurements are compared to values which have been obtained
in other experiments and calculations. The results are in pood agreement with the recent distorted-wave
calculation of Madison. The values of A and i from all experiments have been combined to examine
the behavior of the Fano-Macek alignment and oricntation parameters for electron encryies from 40 (v 500

eV.

I. INTRODUCTION

Electron-photon angular correlation measure-
ments were first reported by Eminyan ef a/. in
1973.! These measurements covered the energy
range from 40 to 200 eV, but the range of elec-
tron scattering angles 0, was restricted to 6, >15°
at all energies, and to 6, < 25° for energies >80 eV,
The only other measurements for energies above
80 eV were those of Ugbabe ¢f ¢!.7 at 120 eV for
values of 8, of 10° and 16°, A summary of the
other measurements for energies <80 eV may be
found in Steph and Golden,?

The results of such angular correlation mea-
G LA Ral uaun;‘n; cApL'éSSed in terms of the
parameters x and |x| which describe the excited
state. For excitation of the 2 'P state from the
1!S ground state, the excited-state wave function
is given by

W2'P) =gy |10) + o | 1) + 0y |1 - 1), (1)

where the complex excitation amplitudes a,, des-
cribe the excitation of the different magnetic sub-
levels. Since the scattering process has mirror
symmetry in the scattering plane, a,=-a.,, and
the total differential cross section is given by

o=|a|*+2|a]?. (2)

The parameter |x| is the absolute value of the
phase difference between the complex scattering
amplitudes gy and a, and

X=|a¢|’/o. (3)

The dimensionless parameters A and |x| are
functions of the electron energy F and the electron
scattering angle 8,. They describe the excited state
of the atom after undergoing a collision and (together
with o) provide a complete determinationof the exci-
tationamplitudes. The approximationsusedinacal-
culation can give insight into the relative importance

21

of various effects, such as exchange, in the scatter-
ing process provided the calculation predicts the
correct values of A, |x|, and 0. Thus it is im~
portant to obtain accurate values of these quanti-
ties,

For an excitation at a given E and 6,, the angu-
lar distribution of deexciting radiation in the scat-
tering plane is given in terms of X and x as

AANX,0,) = A sin?6, +(1 =) cos?s,
=[x(1 - N]'/2 cosy sin29, , (4)

where 6, is the angle of photun emission, Al-
though the 2 'P-11$ photons result from an elec-
tric dipole transition, studying electron-photon
angular correlations leads to a knowledge of the
electric quadrupole and magnetic dipole distribu-
tions for the excited state, The excited-state
population has been described by Fano and Macek®
in terms of an orientativa vector O and an align-
ment tensor A in order to separate the geometri-
cal and dynamical effects. For 1'S-2'P excita-
tion in helium by electron impact, O has one non-
vanishing component which is proportional to the
average value of the net angular momentum of the
excited state and is related to X and x by

052t =(L)/[L(L + )] ==[x(1 = N)]'?siny.  (5)

The alignment tensor has three nonvanishing com-
ponents:

ARV = (3L~ LY/[1(L +1)]=(1=-3))/2,

A =(L L+ L,LY/[L(L+1)]
=[M1=2)]""?cosx, (6)

ARV = (L= LY/ L+ D))= (A =1)/2,

It should be noted that U5°! and A{®! are not inde-

pendent and that A§°' and A5 are not independent,
The third independent parameter in this formula-
tion is the monopole moment, which is prupor-

1848 «© 1980 The American Physical Society
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tional to 0.}

It has been shown by Blum and l(leinpuppens that
the induced magnetic moment of the excited atom
is determined by the orientation vector and that
the electric quadrupole tensor is proportional to
the alignment tensor, while all higher multipoles
vanish. The orientation vector is directly given
by the transfer of angular momentum to the atom,
and its behavior as E and 0, are varied can give
physical insight into the scattering process. The
alignment tensor specifies the distribution of the
electronic charge in the atom and this, in turn,
specifies the anisotropy of the emitted radiation.
Therefore Eq. (4) may be rewritten as

F(0,x,8,) =2+ 3A5°' (3 cos’0, ~ 1)
- A;.8in20, + Ay, sin’, , \n

Equation (7) may be rewritten in terms of the
associated Legendre function, Py{cosé,),

S (x,8,) = 31 + A5 P{(cos8,) ~ A5 Pi(cosb,)
+ 145 P cos9,)]. (8)

The first term in Eq. (8) represents the monopole
contribution to the radiation distribution, The
remaining terms represent contributions to the rad-
iationdistribution from linear quadrupoles in the
scattering plane along the z axis, at 45° to the z axis,
andat AN°tn tha 7 avie racnactively. The nonvanish-
ing components of A are coefficients which deter-
mine the intensity of radiation with a given angular
distribution,

The simplest theory which makes clear predict
tions of X and x is the first Born approximation
(FBA). The results of the FBA depend only on the
kinematics of the collision. Accordingly, no
angular momentum may be transferred to the
atom along the direction of linear-momentum
transfer K. Thus, along the K axis there is a
AM, =0 selection rule, This implies that there
will be no radiation emitted along the direction of
K. This means that x =0 independent of E and
6,. The FBA predictsthat A= cos?6, where 8, isthe
angle between K and the incident electronbeam. Be-
cause of the nature of this approximation, one
might at first expect this prediction to be valid
for small scattering angles and high energies,
However, while the FBA prediction for A Is in
reasonable agreement with the results of Emin-
yan et al.! at 50 eV, the agreement becomes
worse as the energy increases, The FBA places
emphasis on the role played by the direction of
linear-momentum transfer K. The angle 6, in
the FBA corresponds to the angle where the angu-~
lar distribution of radiation is a minimum, 6,_,,.
This prediction is in much better agreement with
the data of Eminyan ¢f al.,' even where the FBA

IN THE FLECTRON-IMPACT. .. 819

predictions for A and x are in very poor agree-
ment, The value of 6_,, may be expressed in
terms of A and x as

tan20_,,=2[a(1 - A)]"/?cosr /(22 - 1) (9)

So it is clear that if the FBA correctly predicts
6., When x is not zero, then its prediction of a
must be incorrect,

Another fairly simple approximation which in
general has a broader range of applicability than
the FBA, is the Glauber approximation. (The
Glauber approximation satisfies the optical
theorem in contrast to the FBA in which the scat-
tering amplitudes are purely real)) However, it
was pointed out by Eminyar  4l.! that the Glauber
approximation, despite some success in predict-
ing differential cross sections, predicts that A and
x are both independent of E and 6,, Therefore
we must turn to more elaborate theoretical cal-
culations, '

The various theoretical calculations prior to
1978°'® have been reviewed by Bransden and
McDowell,"! A meaningful comparison of the
various calculations is difficult because they
differ in the nature of the approxiinations and
within a given approximation they may differ in
the cholce of atomic potentials and wave functions,
For example, the recent distorted-wave calcula-
tion of Baiuja and MeDuweiil' gives very difierent
results than the distorted-wave calculation of
Madison.”? The only significant difference be-
tween these two calculations is the choice of
atomic wave functions. Baluja and McDuwell
used a simple analytic form while Madison used
numerical Hartree-Fock orbitals, If these two
calculations had used the same wave functions,
they would in principle have given the same re-
sults,

The only calculation in reasonable agreement
with all of the results of Eminyan ¢/ al.! for E
2 100 ¢V, is the distorted-wave calculation of
Madison,”® However, this calculation gives values
of |x| about 207% larger than those measured by
Eminyan ef al.! The distorted-wave calculation
of Bransden and Winters® using the second-order
potential method gives the best agreement for |x|
but it is in very poor agreement with the results
for A, It should be noted that the calculation of
Bransden and Winters® neglects final-state distor-
tion which should be an important consideration,

In a recent publication, Steph and Golden® have
reported electron-photon angular correlation
meagsurements in electron-helium collisions for
2'P axcitation at an incident electron energy of
80 eV, In this paper we present further angular
correlation measurements for 2'P excitation of
helium at electron energics of 100, 200, and 500
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eV. In addition, we have combined the data of
Sutcliffe ef al.!* with that of Steph and Golden® to
give results for the full angular range from 5° to
100° and 155° at 80 eV. And finally, we combine
all of the present results with the results of the
other experiments!? at all energies to examine
the behavior of the Fano-Macek® alignment and
orientation parameters as a function of energy.

Il. THE EXPERIMENT

The theory of electron-photon angular correla-
tions first given by Macek and Jaecks'® has since
been fully discussed by several authors."® The
experimental apparatus and procedures used in
the present work are identical to those described
by Steph and Golden® and will only be briefly dis-
cussed here. The experimental geometry is
shown in Fig. 1. The electron beam is incident
along the 2z axis and intersects the atomic beam
which is incident along the y axis. (This choice
of axes is referred to as the collision frame.)
The scattered electrons are energy analyzed by
2 hemispherical electron-energy analyzer which
is tuned to pass electrons which have lost 21.22
eV. A channel electron multiplier is used to de-
tect the transmitted electrons. The overall reso-
lution of the system is independent of the incident

"electron energy and is 0.40 eV, The xz plane is
the scattering plane. The electron detector may
be rotated in the range -5° <6, £150°. The pho-
tons emitted by the excited helium atoms are de-
tected by a suitably housed channel electron multi-
plier whose axis is also in the scattering plane.
The angular position of the photon detector 8, may
be varied in the range 50° <6, <145°. A Faraday
cup is provided to collect the unscattered elec-
tron beam, The electron-beam current is typi-
cally 1 uA and the background pressure with the
target-gas beam on is ~3 %107 Torr. The pres-
sure in the helium beam has been estimated to be
~3x10" Torr.

The pulses from the electron detector are used
to start a time-to-amplitude converter {(TAC),
and suitably delayed pulses from the photon de-

/

. - /l
/ b . ~a
scatters!
=xoerrg.pace /. (4 cattrony

FIG. 1, The geometry of the experiment in the colli-
sion frame,

—
Thotons

tector are used to stop the TAC, The output of
the TAC is fed inte 2 multichannel analyzer op-
erated in the pulse-height analysis mode in order
to generate the time spectrum of coincidence
events., Electrons and photons from the same
scattering event arrive with a definite time cor-
relation, When counted for a time T these true
coincidences form a peak on.a background of
accidental coincidences due to electrons and
photons from different scattering events. For
fixed values of 6, and E, the number of true coin-
cidences N, will vary with 8, according to Eq. (4).
Measurements of N, at several values of 9, are
analyzed using the method of least squares to ex-
tract optimum values of A and |x|. This proce-
dure is discussed in Steph and Golden® and in~
volves solving the equations which minimize the
x analytically, This solution yields the optimum
values of X and |x| and enables the development
of analytic expressions for the statistical uncer-
tainties in A and |x|. Prior to analysis, the data
must be corrected for the systematic effects of
the finite solid angle of the photon detector and
for scattering from the background helium, In
addition, one must ensure that resonant trapping
of the photons is not significant, These points
have been fully discussed in Steph and Golden.®
The cross section o decreases as the electron
energyis increased from 80 eV. Inaddition, cde-
creases sharply for increasing values of 8,atall
valuesof E. The decreasing rate of scatteredelec-
trons at large values of K and 8, leads to increasing

. counting times, When the scattered electron rate

falls to ~20 sec™!, the rate of accidental coincidences
falls to ~0.2 sec™! and the rate of (rue coincidences
is less than 1% of the accidental rate. Thus,
coincidences must be counted for as long as one
week at each value of 6, in order to reduce statis-
tical uncertainty to an acceptable level. In this
work, no measurements were made for values of

6, where the scattered electron rate was <20 sec™'.

Ill. RESULTS

The present experimerntal results are tabulated
in Table I where the values of A and |x| and their
uncertainties are listed as a function of energy
and electron scattering angle. We also list the
values of € ,, calculated from Eq. (8) and the re-
sults of the FBA and the distorted-wave calcula-
tion of Madison'* (MDW) for », Ix|, and #,_,,. The
experimental values of x at 80 eV were obtained by
combining the results obtained in the present ap-
paratus by Steph and Golden® with those obtained
by Sutcliffe et al.' in an carlier version of the
apparatus. The values of Sutcliffe ¢f ql.'* were
normalized to the 10° result of the calculation of
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TABLE 1. Experimental results and comparison with theory. (The distorted-wave calculations of Madison is denoted
by MDW and the first Born approximation is denoted by FBA))

A X {rad) Opia (deg)

Theory Theory?® Theory
Energy (eV) 0, (deg) Expt.* MDW FBA Expt.* MDwW Expt.? MDW  FBA
80° 5 0.749 + 0.015 0.761 0.79 0.231 +0.220 0.239 29.7= 10 258 273
10 0.488 £ 0.015 0.470 0.52 0.370 £ 0,038 0.425 443 1.0 43.1 43.9
20 0.305 £ 0.012 0.306 0.31 0.568 + 0.054 0.905 583+ 1,0 62.1 56.2
30 0.445 + 0.023 0.413 0.27 1.182 + 0.053 1.304 53.1x 15 61.9 58.7
40 0.642 £ 0.060 0.651 0.28 (1.60)‘ 1.527 -2.8+15,0 39 58.1
50 0.913 £ 0,048 0.860 0.32 1.994 £ 0,146 1.666 =78z 3.2 -2.6 55.6
60 0.950 + 0.062 0.965 0.37 2.424 £ 0,416 1.948 =-100= 6.6 —-4.1 62.5
70 0.927 £ 0.140 0,990 0.44 3.0)4 3.075 -155:123 -5.7 48 4
80 0.861 £0.120 0.968 0.50 2.570 £ 0.402 2.260 -19.4 = 7.2 -6.7 45.0
90 0.894 £ 0,079 0.923 0.58 2.001 £0.243 1.944 -9.0: 55 -6.4 40 .4
100 0.838 £ 0,108 0.885 0.65 1,842+ 0,175 1,738 . =81+ 55 =3.9 36.3
155 0.920 £ 0.150 0.962 0.96 1.082 55 11.5
100 5 0.67 £0,03 0.660 0.69 0.25 £0.18 0.243 348 10 354 33.8
10 0.36 x0.01 0.365 0.40 0.40 +0.04 0.456 53.8+ 1,0 53.7 50.8
16 0.28 +0.01 0.267 0.27 0.52 $+0.03 0.778 59,7+ 1.0 63.2 58.7
30 049 +0,03 0.447 0.21 1.40 +0.05 1.318 494+ 2.7 56.5 62.7
40 0.76 *0.05 0.736 0.24 1.70 20,12 1.455 -6.0: 5.4 6.1 60.7
200 5 0.34 +0.014 0.318 0.33 0.25 +0.07 0.260 546z 1,0 56.0 549
: 10 0.20 +0.010 0.161 0.15 0.43 10,06 0.601 648¢ 1.0 69.1 67.2
20 0.19 +0.022 0.245 0.11 0.95 +0.12 1.032 718+ 25 70.8 70.6
30 0.64 +0.031 0.627 0.13 1,31 +0.14 1.160 207+ 15 28.3 68.9
40 0.95 %0.050 0.925 0.17 1.00 :0.20 0.760 T3+ 4.2 12.1 65.7
500 S 0.19 +0,02 0.08 0.29 +0.20 648+ 15 73.6
10 0.09 £0.01 0.04 0.58 +0.17 749 16 78.5
15 0.14 +0.n2 0.05 0.70 +0.20 nE: 25 T8

2Uncertainties quoted for A and X represent one standard deviation,
®The FBA predicts X=0 for all £ and 6,.

 The experimental values of A and their uncertainties at 80 eV are the combined results of Refs. 3 and 14 as discussed
in the text.

“These values of X are interpolated as discussed in the text.

Madison and Calboun,® A=0.,479. We have re-~ tions.®!™!* At cach energy we have measured one
normalized their values to the 10° result of Steph point in common with Eminyan ef ql.! and these
and Golden,® A=0,488. Although this renormali- results all agree within one standard deviation,
zation results in only ~2% change in the values of The three DW calculations differ in their choice
A, it frees the data from dependence on a parti- of wave functions and potentials. The calculation
cular calculation, The two sets of data are com~ of Madison,'® which is the only DV calculation
bined by taking the average of their values that includes distortion of the {inal state, is in
weighted by their uncertainties. The values of good agreement with the present results for A,
|x| listed for 6,=40° and 70° at 80 eV are based The agreement is also fairly good for |x| except
on a smooth interpolation of the results of Steph for the small range of angles from 15° to 25°

and Gulden® for |x| as a function of 6,. An addi- where the calculation of Madison' gives larger
tional criterion used was that the interpolated values of |x| at all energies. The calculation of
values of |x| combined with the imeasured values Bransden and Winters® is in fairly good agreement
of X yielded values of d,,,, 0!, and Af?' which with the present results for [xi but it is in very
were also consistent with the smooth interpola- poor agreement with the results for A, In con-
tion of the results of Steph and Golden® for these trast, the results of Scott and McDowell' are in
quantities. Figure 2 shows the data [or A and lx[ fair agreement with the results for A, at least
for 100, 200, and 500 eV plotted as a function of at 200 eV, but they are in very puor agreement
8,. We have also plotted the previous results of with the results for ;¢]. The results of these
Eminyan e! ql.' at 100 and 200 eV along with the three calculations indicate that further refine-
results of three distorted-wave (DW) calcula- ment of the wave {unctions and potentials in the
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FIG. 2. The variation of A with electron scattering angle at different electron energles: (a) 100 eV, (b) 200 eV, and
{c) 500 cV. The variation of | x| with clectron scattering angle at different electron energles: (&) 100 eV, {e) 200 eV,

and (f) 590 eV. @, preseui wuirk; ©, results of Ref. 1; —, calculation of Ref. 13; --~, calculation of Ref. 8y =

calculation of Ref. 10; -6-, FBA,

distorted-wave theory should yield very good
agreement with experimental resuits,

The FBA for A is in reasonable agreement with
the results for A, 6, <20°% at 100 eV (see Table I).
At 200 eV this agreement is only good for 8, <5°,
The FBA does not agree with any of the data for A
at 500 eV which can be seen in Fig. 2. Thus, as
the energy is increased, the FBA is in increasingly
poorer agreement with experimental results,
This is in contrast to the FBA prediction for ¢
which is in better agreement with experiment at
higher energies, This fact, along with the predic-
tion that x is zero for all energies, is sufficient
to conclude that the FBA is inadequate to des-
cribe the excitation process in detail, However,
it should be noted that the FBA prediction for 0,
is in good agreement with the data for 6, < 20° for
E =200 eV, and is in good agreement with the
present results at 500 eV, at least for 8, <15°,
Thus the importance that the FBA places on the
direction of linear-momentum transfer for the
excitation process seems to be well founded for
small scattering angles. It is clear however that
the A}, =z 0 sclection rule along the K axis is not
correct,

IV. DISCUSSION OF RESULTS AND CONCLUSIONS

The behavior of A and x as a function of 8, and
E has been discussed, These parameters may be
combined to form the alignment and orientation
parameters which can then be used to describe
the multipole moments of the excited state, Since
these quantities are more closely related to the
structure and anisotropy of the excited atom, we
will consider the behavior of O and A in some de-
tail.

The nonvanishing component of the orientation
vector O is directly related to the dynamics of
the excitation process, Equation (5) shows that
05°! is directly proportional to the expectation
value of angular momnentum transferred to the
atom perpendicular to the scattering plane, In-
deed, since =1, we may write

(L)y=20(", (10)

Further, we know that L =M h so that the aver-
age (L)) varies botwecen -1 and +1, This re-
flects the fict that the atom is in a eoherent mix-
turc of states and does not pgenerally pussess a de-
finite M, value, We may rewrite Eq. (1) as
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H2'P) = |ap)u, +VT |y | e™y,, (11)

where ¢, = |10} and #,=(1/v2)([11) - |1~1)). Thus,
when A =1 the atom is in the pure state ¢, and

L, vanishes so that (L,) also vanishes. When

A =0the atom is in the pure state ¢, and L,maybe

+1 withequal probability so that (L ) again vanishes,
Thus, the nonvanishing values of 0$°! may only occur
when the atom is in a coherent mixture of ¥, and ¢, and
there is interference between the complex scat-
tering amplitudes g and ¢;, The maximum value
of 02! is realized when |gy| =2|ay| (i.e., A=0.5),
and x=7/2, When x==0 or is an integral multi-
ple of n, Of%! vanishes. When the value of x passes
through 0 or 17, the sign of O{°! changes. The
experiment only measures the principal value of

X. Thus, values of x reported are in the range

0 <x =7. However, theory suggests that x does
pass through -7 at 80 and 100 eV, and through 0°
at 200 eV,'*'%!3 Restricting the discussion to

80 eV, and considering only the theory of Madi-
son, x is negative in the range 0° < 6, <180° and
passes through —i at 6, ~70°. Thus, 0f*' is posi-
tive for 6, <70° and negative for 6, >70°,

In order to relate the behavior of O5°! to the
collision process we shall look at the collision
semiclassically. When an electron is scattered
to a given angle, 6,, the scattering may take
either of the two principal paths shown in Fig. 3.
In Fig. 3(a), the electron approaches the He atom
with a negative impact parameter and scatters
from the attractive polarizability potential to a
positive scattering angle. In order to conserve
angular momentum, the atom in Fig, 3(a) must ob-
tain positive angular momentum perpendicular
to the scattering plane; i.e., L, must lie along the
positive y axis. So, referring to Eq. (5), this
implies that Of! is positive for this collision. In
Fig. 3(b) the electron must be incident with a

FIG. 3. The two principal paths for semiclassical
scattering of electrons from helium. (a) The electron
is incident with a neative impact parameter and scat-
ters from the attractive polarizability potential to the
positive angle, 8,. () The electron is incident with a
positive impact parameter and acatters from the repul-
sive potential of the He clectrons to the same positive
angle, 0,.

B

positive impact parameter if it is to scatter from
the repulsive potential of the helium electrons and
reach a positive scattering angle, In order to
conserve angular momentum in this case, the
atom must obtain negative angular momentum
which implies that Of%' is negative, Using this
semiclassical model, we may explain the behavior
of 05! as follows: When the electron is scattered
to 6,=0° there can be no change in the angular
momentum of the atom perpendicular to the scat-
tering plane. Therefore Of°! vanishes at 6, =0°,
As the scattering angle increases from 0°, the
amount of angular momentum transferred to the
atom perpendicular ta the scattering plane, L,,
increases. Since the dominant scattering poten-
tial for small angles is the long-range attractive
potential due to atomic polarizability, L, is posi-
tive. Thus, 05° is positive and increases towards
its extremal value of 0.5. However, as the scat-
tering angle continues to increase, the impact
parameter decreases and scattering from the re-
pulsive potential of the helium electrons begins to
become significant. Since the sign of the angular-
momentum transfer due to repulsive scattering is
opposite to that for attractive scattering, these
processes compete and the value of U{® may or
may not reach the value of 0.5 before it decreases
with 6,. Then at some value of 6, where the con-
tributions from the two types of scattering are
equal in magnitude, Of vanishes. As 6, increases
from this angle, the repulsive scattering becomes
dominant and 07! becomes negative and decreases
to another extremum. As ¢, increases further,
the transfer of angular momentum perpendicular
to the scattering plane again decreases until at
0,=180° Of! vanishes.

The experimental results for IU;"_“[ at 80 eV
are plotted in Fig, 4 along with the results of cal~
culations by Madison'® and Fon et ¢l.'® The ex-
perimental results are generally in good agree-
ment with the semiclassical description given
above and with the calculation of Madison'® for
6, <70° at 80 eV. Despite some disagreement
in the range from 15° to 25°, the experimental
results show an extremal value of i 0°'| ~0.,5 at
6,~35°% and show that Of°' vanishes at 6,~ 70",
The second extremum is much broader than the
extremum at €,~35° which indicates that there
is little change in the relative importance of the
two types of scattering in the backward direction.
Using the results of Madison,'® [02(¢, =110°)
=0,35] the ratio of repulsive scattering to attrac-
tive scattering has a maximum value of ~3, For
6, >70° there are two sets of measurements that
disagree. The results of Steph and Golden® are
in agreement with the calculation of Madison,"
The calculation of Fon ¢! al.'® lies roughly half-
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FIG. 4. The variation of | Of®Y with electron scattering angle at different electron energies: (1) 80 eV, (b) 100 eV,
and {c) 200 eV. @, present work;®, results of Ref. 1; ®, results of Ref, 17; —, calculation of Ref. 13; --~, calcul-

ation of Ref, 16,

way between these results and the results of
Hollywood et al,'" which predict that | 05°!} reaches
its maximum value of 0.5 at 6,~110°, So, the re-
sults of Hollywood et al.!'" would indicate that re-
pulsive scattering is virtually the only process

for back scattering, while the two calculations and
the results of Steph and Golden® indicate that re-
pulsive and attractive scattering are competing
processes with repulsive scattering dominant by

a maximum of a factor of 3 or 4,

We have discussed the disagreement between the
two scts of cxperimental results for A and |x| in
Steph and Golden® where we argued that the ex-
perimental technique discussed by Hollywood
et al.'" could impose systematic error on their
data in the direction of the observed disagree-
ment, It is also difficult to see how the attractive
potential scattering could become completely in-
significant for back scattering at 80 eV, although
this would certainly be true at much larger ener-
gles as we discuss below. In any case, our semi-
classical model is in qualitative agreement with
the experimental results.

The behavior of 05! as the electron energy is
increased may also be explained in our semiclas-
sical model. As E increases, the velocity of the
electron increases and the electron spends less
time in the long-range field of the attractive poten-
tial, However, the influence of the repulsive po-
tential is not significantly affected by increasing
electron velocity. Thus, as F increases, the
first extremum of (5% should occur at smaller
values of 6, and Of>' should no longer reach its
maximum value of ~0.5 at the first extremum.

In addition, the angular position of the zero cros-
sing of (! should decrease {from 70°. The angu-
lar position of the second extremum should de-
crease from 110° and the value of Of®! at this ex«
tremum should decrease toward its minimum vialue
of -0.5 as energy increases and repulsive scat-

tering becomes more dominant. This is precisely
the behavior seen by the experimental results at
100 and 200 eV for 8, <40° shown in Fig. 4. The
calculation of Madison is generally in good agree-
ment with the present results in this energy range
and also predicts the behavior of U for 6, > 40°
discussed above.

The orientation at fixed scattering angles as a
function of energy is shown in Fig, 5. The ex-
perimental points at fixed angles are joined by
straight lines for clarity., The results show that
for 6,<20° |05} is virtually unaffected by in-
creasing energy. Within our semiclassical mo-
del, this indicates that small-angle scattering is
due solely to scattering from the long-range po-
larizability potential, The results also show that
as energy increases, the position of the first ex-
tremum moves to smaller angles.

The nonvanishing components of the alignment
tensor (A5, A, and A5SY) are related to the

~average values of quadratic expressions in the

angular-momentum vector and its components.
Thus it is more difficult to visuvalize the physical
process that they represent, However, we may

| S

e oo 0 200

FIG. 5. The variation of | OF!| with electron cnergy
at different seattering angles. O, present results; g,
results of Ref., 1; 4, results of Ref, 2.
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FIG. 6. The variation of A! with electron scattering angle at different electron energies:

(c) 200 eV. The symbols are the same as Fig, 4.

note some marked similarities betweenthe com-
ponents of A and O. It is clear from Egs. (5)
and (6) that the behavior of 02! and A§S! will be
similar, The two remaining components of A
are also not independent, so we need only consi-
der one of them, In Fig, 6 we show the data and
calculations for A§°! at 80, 100, and 200 eV, The
qualitative behavior of A§®! is strikingly similar
to that of O5°', At 80 eV, there is a narrow ex-
tremum at about 30° and a broad extremum at
about 110°. Between these extrema, at 70°, A§*!
returns to the value it had at 8, =0°. As the

(a) 80 eV, (b) 100 eV, and

energy is increased, the small-angle extremum
occurs at decreasing values of €, and the size of
the extremum decreases, The similarities in the
qualitative behavior of G and A imply that the in-
terplay between long-range attractive potential
scattering and repulsive potential scattering is
responsible for the observed variations.
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- Lew ensrgy electron impact excitaticn and radiative dacay

of the d3A state of CO?
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The lifetimes of the o 34@’ = 4,5) levels of CO have been measured using a delayed coincidence
technique. The lifetime for the *3; subbands were found to be 9% shorter than the *3; and *3; subbands
while none of the lifctimes showed the J dependence previously reportied. The lifetimes of the A,
subbands of the v’ =4 and v’ =5 levels were found to be 4.674-0.33 s and 4.02.40.32 ps while the
lifetimes of the 34, subbands of the v'=4 and v'=Slevelswere found to be 4.27+0.31 us and
3.69--0.34 s, respectively. Long lived cascades with lifetimes of 16.1£0.9 us and 13.3:4-1.1 us were
found to feed the v'=4 and v’ =35 levels, respectively. Quenching cross sections and the
(d—X):(d—a) branching ratio are given for v’ =45 and discrepancies with previous works are

discussed.

{. INTRODUCTION

The radiative decay lifetimes for several of the vibra-
tional levels of the d3a state of CO have been studied by
2 number of authors. ™% Some authors®¢ have reported
lifetimes which are influenced by a perturbation®™!3 be-
tween the d3a and A'lI states while several authors!?%
have not mentioned this perturbation. Furthermore,
none of these authors have indicated the presence of
cascades.,

Lifetimes for the triplet system were first reported
by Fowler and Holzberlein! who used a high pressure
(2-50 Torr) discharg~ and studied the 4100 to 5000 A
region with a bandpass filter, This work reported a
sinrle nressure independent fast decay of 31 24 ns, In
this initial work vibraticonal levuls were not resolved
and the possible perturbation of the d3a state by the A (]
state was no! iscussed. i

The lifetime of the d3a(r’ = 6-10) levels were mea-
sured by Wentink et al.? in a pulsed rf discharge in a
flowing gas using a gated pulse sampling technique. A
prism monochromnator was used and spectrally resolv -
able states were studied for a range of pressures from
3 10 100 mTorr. An excitation pulsc of 10 gs with a fall
time of 40 ns was used to obtain lifetimes in the range of
4.21t0 5.2 s, However, these authors found their mea-
sured lifetimes to increase with increasing +f, which
was counter to expectation. In addition, they found all
lifetimes to be pressure dependent with quenching cross
sections within 0.9-1.4x 10" cm?, but perturbations
with the A 'l state were not discussed,

The radiative lifetime of the #3A(¢ = 5) level was later
found by Slanger and Black? to be strongly dependent on
the rotational quantum number J for the vaise where
=1, They fourd the subband lifetime to vary from
50 ns to 6 us with increasing J. A weater dependence
was reported for the 2:= 2 subband and 1.3 dependence
was reported for the 2 =3 subband, These resulls are
consistent with the explanation that the d state is per-

Ssupported i part by grants froin NSF and AFOSR,
Ppresent ad lress: Phyeles Dopartment, Georgia tnstitute of
Technology, Athiata, GA 30352,
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turbed by the A!ll state. That is, the mixing allows
strong d3a,(v’ =5)~ X '%* radiation to compete with the
d3a{»" =5)-a®[ transition for depopulation of the d
state. In this work the d state was pumped with d—-X
radiation from a lamp filled with 2 mixture of Kr and
CO,. The intensity of tho fluorescence from the d~a
transition was observed as a functicn of various quench-
ing gases. Three filters were used to separate the sub-
bands. One, centered at 5625 A with a 10 A half-width
was used to monitor the 3, subband. This filter had a
10% peak transmwission width of 21 i, A second filter
centered at 5600 A with 2 80 A hali-width provided ihe
predominantly unperiurbed 23, and ?3; subband intensi-
ties. This filter traasmitted only 17 of the 33, subband
relative to the 3a; subband. A third {ilter certered at
5660 A with a 50 A half-width was used to pass most of
the da(v' =5)~a’n (v =0) bard. The quenching of the
d¥a state was discussed only in terms of the different

" quenching gases used,

The lifetime of the v’ = 3 level of the d%3; state was
more recently measured by Phillips ¢ al. 4 by using a
Njy emission source to photodissuciate CO, inw the
CO d¥a(r’ =3) state. The decav curve was generated by
multiscaling the intensity of the fluorescence from the
@33 (v’ == 3) - X 1< transiiion in 1 us increments. The
extracted lifetime was 4.710.5 pus. Since this trarsi-
tion is doubly forbidden, Phillips ¢f al.® concluded that
the d state must be perturbed. They discussed this per-
turbation of the d®a state as being due to an interaction
with the A'[l state. Altiough the pressure dependence
of the d state was not discussed, the branching ratio
(= X):(d -~ a) was calculated for the second and third
vibrational levels of the d 34, state,

The most recent and most comprehensive lifetime
measurements of the 307 = 1-16) states were made
by Van Sprang e/ al.’ In this work a delayed coincidence

- technique was used with an electron cun pulse duration

of 10 us. The energy of the incident electron beam was
13 eV which is near the maxtrunt ¢f the eleciran exci-
tation cross scetinn for the 5 stite, The radiation
was wavelem:th selected hy a morochromator with a
bandpass whieh was varied from 3 to 23 A, It is unclear
whether the quenching cross section reported for the
d2A0 = 2) a2 0) transition (4,35 %10°% em?) s
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TABLE 1. Previously reportod lifetimes for the d ‘A state of CO.

T {48)

Van Sprange et al.  Phillips et al.

Slanger and Black

Wentink ef al. Fowler arnd Holrwerlein

v AR (Ref. 5) 1977 (Ref. 4) 1976 (Ref. 3) 1973 (ftef, 2) 1967 (Ref. 1) 1453 .
1 75815 7.30°

2 6925 6.62

3 6433 5.75 4.7120.5

4 6010 5.40 0.058 -6, 40 (%A,

5% 5647 4.05 { 2.17 (%)

6 5330 4,90 6.40(°ay

7 5052 4.18 5.03%¢ ‘

8 4806 5.23 4.18

9 4586 4.56 4.36

16 4747 4.46 4.45

11 4541 4,46 4.57 ‘
12 4718 4.65 70-031
13 4505 4,67

14 4328 4.54
15* 4171 4.16
16 4023 2,94

4Reported as highly perturbed (Ref. 10).
bThe reporied error for all lifetimes was 0. 6§ xs.

‘Different wavelengths were uscd in every lifetime measurement,

%The (5, 1) band was reported us 5. 2 us but this may be due to the a' 3" (v° =9) —a 1 (v” = 0) transition.

representative of all the transitions studied. No per-
turbations with the A 'l state or any other state were
reported in this work,

A tabulation of the previously described work on the
d3a state of CO is presented in Table I. The results of
Wentink er a/.* and Van Sprang el ql.® agree to better
than 37 for all but the ¢’ =8 level where a 207 discrep-
ancy exists, The lifetime results of Phillips et al.4 for
the »' = 3 level disagree with the results of Van Sprang
et al.® by 22, and the perturbation ohserved by Phillips
et al. ¥ is aot even mentioned by Van Sprang ef al.’ The

results for the ¢’ =5 level reported by Van Sprang et al.’
and those reported by Slanger and Black® for the d3a,
subband disagree Ly more than 80%. Furthermore, the
perturbation reported by Slanger and Black® is not men-
tiozed by Van Sprang et al.® Finally, the very fast de-
cay reported by Fowler and Holzberlein! has not been
seen in the subsequent work except perhaps by Slanger
and Black® for the low J levels of the 3A; subband of the
v’ =5 level (38 ns),

Throughout the previous lifetime work on the d3a
state, no cascades have becn reported. This is some-
wha' surprising since several cascade mechanisms
have been discussed!!™ " during perturbation arguments,
In particular, the A'll~a@%) and the A '~ %2 =~ d’A
population schemes have been discussed. If the A1
state is coupled to the £3a state, either radiatively or
throu.h collisivnal transfer, a very fast (9-16 ns) cas-
cade would be evid-nt in the decay of the 33 state, !

If the €387 state is coupled radiatively or eollisionally
tno the d2A state, two very similar lifetimes shoukl be
evident since the lifctime of the ¢%3° state is suspected
to be about 3 ps. & Apparenily neither of these mecha-
nisims have bern cbserved 1 the previous work on the
d2a state.

Clearly two questions persist about the radiative life~
time of the d3A state. First, are tre vibrational levels
of the d3a state perturbed by the A state and does this
perturbation effect the radiztive liietime of the state by
opening an additional decay channrel 4~ X) causing the
strong J dependent lifetimes reported by Slanger and
Black? Second, are cascades present which could indi-
cate the population mechanisms invoived in exciting the
d3a state?

In order to answer these cucstions we remeasured the
radiative lifetimes of the %40 "=+, 3)= a1 (" = 0)
transitions in o delayed coincidince experiment. In the
analysis of the data we have specifically looked for cas-
cades and the effect of anyv bation bauwesn the 401
and d3a states. Since tiis permrbation should only ef-
fect the 34, subbund, ¥1% we have examined the rudiative
decay for each subband individually, We have also cal-

- culated the branchiny rauo d=X)(d~a)for the v'=4,5

vibrational levels of the 42 state.

il. APPARATUS AND PROCEDURE

The experimental apparutes consists of a pulsed elec-
tron gun, '® gas target cell and Farasay cup all located
in an ultrihigh vacuum sysiom w? kis been described
previously.'’ The emittcd photons ire filtered by a
Jarrell Ash 1/4 meter monschromator with a variable
band pass of from 10 to 25 A, The liitered photons are
detected by an RCA C210314-02 phommuitiplier which
has been cooled to ~ 20 ‘(‘ For Lifatime measurements,
the resultant siznal is poilse hawcht analyzed using a de-
layed coincidence wd..\.q ae.

The lifetime data were collociod :'or a pressure range
from 1 25 mTorr simuil. v two Tinze to Am-
plitude Cunverters (FAC s, ool twe I.:-Alld.’hﬂ‘..h’,‘l ana-
Iycer (MCA) systes, ’l'}‘;-:c.xil\. 202 MCA-TAC sys-
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tem was used to acquire data suitable for the analysis of

long-lived excited states (e.g., 82 ns/chaunel) while the
second MCA-TAC system was set to look for short lived
states (c.g., 0.5 ns/channel). This double MCA-TAC
system allows an unambiguous analysis of the d’a sys-
tem since this state has a lifetime reported to be be-
tween 30 ns and 6 ps. ™% Ciearly, a 30 ns decay could
be improperly analyzed if the data were only collected
at 82 ns/channel. The data were analyzed using a non-
linear least squares computer fit with multiple exponen-
tials and the experimental error of the best {it was de-
termined by a grid search technique previously de-
scribed. ! The errors stated for the lifetimes deter-
mined in this work are at the 95% confidence level (two
standard deviations).

Wavelength spectral scans were conducted in the re-
gion of interest at different energies to determine the
extent of possible spectral overlap. The two spectra
shown in Fig. 1 were obtained at 9.8 and 11,3 eV, re-
spectively. The transitions observed depended on the
electron energy and were d3A-a’fl, ¢35 —-a’fl,

a’'33* ~a’Mn, and B'T* ~ Al which have threshold ener-
gies of 7.519, 7.879, 6,863, and 10.776 eV as given by
Krupenie.® These spectra were obtained by multiscaling
for 0.8 s/channel using 0.5 mm slits (25 A resolution)
in the Jarrell Ash monochromator. The upper trace in
Fig. 1 shows that the B'Z* (v’ =0)~ A 'l (z'* = 0) transition
is not resoived from the d® Ay’ =4) = ¢’ ("’ = 0) transition.
However, this B~ A transition does clearly distort the
spectra when the electron gun energy is increased from
9.8 to 11.3 eV. This overlap poses a particularly in-
teresting problem at higher gun energies since the

By~ Alif transition has o 34 ns lifetime.¥ Since we
wish to determine whether the presence of a fast (30-60
ns) decay is indeed associated with the decay of the d%a

B's*w Alll
Jio2) Jio3) Jo.a Jos)
! / Y
| { AR
> i i A i i
E i M /\!‘uun. [113ev
2 NI s
YN V‘w; i} I“\‘#f"'-“*;\ f
— ! 13 } "
> v i\ | 9.8eV
= 'S i 1]
E EAMMB VLYYV
é dh ~a31
70 (s,n.o.O) 7) 50 (4,0 (3,00
L cr r C
5000 5400 200 8200 8660
WAVELENGTH (R)
FIG. 1, Optical spectra of CO obtained by multizcaling for

0.8 s/channel using 23 A resolution, Two excitation cnergies
were used to show the spectral overlap of the 1'% -- A'I transi-
tions on the d 33~ a il trausitions. The unlateled peaks in the
figure belong to the ¢ "t"—a Il and a’&* —a "1 transitions and
were omitled for clarity,
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FIG. 2. Sections of the decay curves for the unperturbed
34, (v’ =4)—~a *N(v’’ = 0) transitioa of CO for excitation ener-
gies of 9. S and 11.3 ¢V. The presence of a fast decay in the
upper curve in which the excitation enzrgy is above the B'z*
threshold is clearly evident,

state, and in order to avoid misinterpreting the results,
we must insure that our electron gun energy is always
below the threshold of the B!'S* state. To stress this
point, parts of two decuyv curves at 9.8 and (1.3 eV are
shown in Fig. 2 for the unperturbed d3a,(’ =4)

-~ a’1(»" =0) transition at 6010 A. In the upper curve
the electron enerzy was 11,3 eV and a fast decay is
quite evident. The lifetime of this fast component was
determined to be 34 ns when analyzed on a more suitable
time scale, in excellent agreement with Van Sprang et
al.’ for the B'S ' =0) - A 'l trarsition. The electron
energy was decreased to 9. 8 eV in the lower curve of
Fig. 2, which is below the B~ A tireshold. It can be
seen on Fig. 2 that in this latter case the fast component
is totally gone. The B'S"(v/ =0)= A1 (2’ = 3) transition
is clearly resolved from the d3a{t’=35)- a0 ("' = 0)
transition and should only pose a problem when studying
the d%a, subband. Therefore, all lifetime data used in
this study were collected with the electron gun energy
below the B!z’ threshold.

i, RESULTS AND DISCUSSION

All lifetime measurements made on the d3a(t' =4, 5)
- a’(v'’ = 0) transitions indicated the presence of two
exponeatials. However, the cascade found was too long
lived to be due to the Al or ¢33°, as expected. This
will be discussed more fully Lelow,

The reciprocal Lifctimes of the prompt decavs of the
subbands of the a0’ = 4, 3) = w1106 = 0) transitions
are plotted as a function of pressare in Fig, 3. The
zero pressure extrapolated lifetimes for the subbands
of the d3A(v == 4. 5) states are listed in 'I.\ble It along
with the previously reported lifetimes for v’ =4,5. It
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FIG. 3. Reciprocal promp lifetimes vs pressure for the

AW =4,5)~a M (v* ~0) transitions. The rc .spc»;tive sub-
bands zre identificd as follows: a 23, (5952, 5624 &), €33,
(5010, 5647 A), and = 34, (6034, 3370 A).

is clear from Fig. 3 that the 3a; subband does indeed

" have a slightly shorter lifetime than the 33, 4 subbands
for both vibrational levels of the ¢ state, Furthermore
the lifetimes for the 3a, and %3, subbands are identical
within experimental uncertainty. The faster decay ob-
served for the 33, level is probably due to the additional
decav channel. d-X, which is open due to the perturba-
tivn by the A 'l discussed by Slanger and Black, 3 11~13
However, we do not see the strong J dependence reported
by Slanger and Black® for v’ =5. We did see a very in- _

T
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tense fast (34 ns) lifetime in cur studies. This was dis-
cussed above as being due to a near spectral overlap
with the B2 (' = 0)= A 14"’ < 3) transition. This

transition (5610 A) would be nassed by the filter centered

at 5625 A uscd Ly Slanger and Black. For all energies
above the B! thiroshold used in our lifetime studies we
found that a 20 A bandpass would allow this fast B state
to overlap the 3a, subband but rot the 4, 3 subbands. it
is then possible that the J dependence reported was in
reality a spectral overlap with the B'3° -~ A3l transition,
However we cannot rule out the J dependence on the basis
of this work. Rather we can state that if there is a J de-
pendence present, it does not strongly aifect the life-
times of these states. Whila this could account for the
differences reported®® for the 34, and %3, lifetimes, it
can not account for the differences in the %a; lifetime. ®
However, the 6.4 ps given bty Slanser and Black?® for the
lifetime of the 33, level was arrived at through consider-
ation of the data presented by Weantink ¢f al.? and was

not directly measured. If we consider the 33, and 344
levels to be unperturbed as previously reported, then we
must conclude that the ' == 4 level is as influenced by the
A1l state as the v’ =5 state because the transition prob-
abilitics for the d~ X branches arc 0. 20 x10° s™ 4y’ = 4)
and 0,22>10% s7 (' == 5), We have listcd the branching
ratio (d - X):(d~a) in Table Il for comparison. The
values shown in Table III for the ¢/ = 2,3 (d = X):(d~ a)
branching ratios are those reporied by Phillips et al. !

I we believe that the additional decay channel (d-X) is
open solely because of this perturbation, then the almost
equal branching ratios for ¢/ = 4.5 would seem to indicate
that the two vibrational levels are equally perturbed by
the A'll state. However, only the ¢’=. 5 ievel is reported
to be strongly perturbed® by the Al state. The v' =4
and ¢’ =5 levels are both reported to t» more perturbed

FABLE 1. Lifctimes and collisinnal quenchins cross sections for the ¢ 3A (v” = 4, 3} states of CO.

Prompt lifetime

Cascade lifetime

Prompt quenching  Cascide guenching

‘avestigator ' —0" AN 7, (uS) 1. (s) cross section (A7) cross seetion AY
this work 40 5982 4,27+0,31 33.3:24.2 ‘
40 6010 4,.63+£0,33 }16.1*0.9 27.8+1.1 ¢ 23.5=3.4
40 6034 4.65+0.33 22.5+2,1 5
5—0 5621 3.69: 0,31 4.0+2.8
5—0 5647 4,02:0,32 }13.3f 1.1 3.65+2.21 }22.8& 6.2
5—~0 5670 4.02+0.32 3.65+ 2,21
S];\nger and 40 5982 voo se e “or “an
Black 4—~0 6010 Xy see se e see
(Ref. 3) 40 6031 e
50 3624 0, 038 —~ 6, 40* vee .
5-0 5647 2,17
5—.0 5670 6'40 s cee e
Vaa Sprang 40 5952 oo “o een e
“t al, 10 6019 5. 40 + 0, 60 .o 43.5° i
t[;,_.f' J’ 40 {INY] ver e s s ‘e
I~=0 3624 e o oo e
50 5647 4,05 0,60 e 43.5°
D=0 s Y

a6T0 s

-l

Moporaed o, e Ay Lo paondent,
' R ) ’
Beporeted tor the f state,

Ma; furie Lean measured tor only the (2= teaasition,
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TABLE I1i, Extracted
{d— X) : (d —~a) branching
ratios for four vibrational
levels of the d3A state of

co.

v’ (d—~X):{d~—a)

2 0.028
3 . 0.076*

4 0. 093"

5 0. 08g®

*Reported by Phillips et al.
(Ref. 4). :
YExtracted in this work.

than the v’ =2 and ¢’ =3 levels, consistent with the trend
observed in Table III.

Although our measured lifetime for the d3a{v' =4)
~ a1 (»"’ = 0) transition and that reported by Van Sprang
et al.® overlap within experimental error, we believe
all of their results are systematically high due to pres-
ence of the cascade discussed above. The effects on a
measured lifetime due to the neglect of a cascade have
been discussed in detail previously. 17 In general, errors
of 10%-20% are common if the intensity of the cascade
component is a sizable fraction of the prompt decay.
This point is borne out in that the cascade componeni ob-
served with the d3a(v’ =4)~- a1 ('’ = 0) decay is 25% of
the prompt decay, whereas the cascade component ob-
served with the d°a(’ =5)~ 31 (2" = 0) decay is only
3% of the prompt decay. When a one-exponential fit is
made tc the data sets instead of a two-exponential fit,
the d3a(v’ = 5)~ a *M (¢’ = 0) prompt decay lifetime is
only effected by about 13 whereas the d3alt’ =4)
- a1 (" =0) prompt decay lifetime is affected by
15--20-¢. This is why we agree so well with the lifetime
reported for the d3A(r’ = 5) state by Van Sprang e! al.®
but are close to one microsecond (157%) less than the
lifetime reported by them for the d*a(’ =4) state.

The quenching cross section reported by Van Sprang
et al.® for the d3a state is considerably larger than that
observed by us for either of the d3a(v’ =4, 5) states.
However, as discussed above, it is not clear from their
paper whether the quenching cross section given by them
was calculated for just the d3aly’ =2)=a’n ("' =0)
transition or for several transitions. The quenching
cross sections given by Wentink et al.? for ' =6-10
range from 9 to 14 A? which are smaller than our
quenching cross scctions for v’ == 4,5, If we accept the
value of 43.5 A? of Van Sprang et al.® as being the
quenching cross section of the v’ =2 level and the 9-14 A?
values of Wentink ¢f nl.? as the quenching cross sections
for the ¢/ = 6-10 levels, then we can conclude that the
quenching cross section decreases with inereasing ¢’
for tiie %8 state, However, this work has shown that
the quenching cross section is also a functinn of © which
is consistent with the d-.\ channel being open.

The reciprocal lifctime of the cascade observed in
this study is plotted as a furnction of pressure in Fig. 4.

w 2 e -~ v ——

The zero pressure extrapoluted lifetimes are also given
in Table I us are tacir collisional quenching cross sec-
tions. While the queaching cross sections are about the
same within experimental uncertainties, the lifetimes
are not the same, Moreover, the cascade lifetimes are
independent of © which means that the same upper level
feeds all three subbands. However, there are no known
long-lived levels which could be the source of this cas-
cade. The lower vibrational levels of the ¢’ 3%* state
have lifetimes of this order, but the measured lifetimes
of the vibraticnal levels decrease with increasing v’ and
consequently, upper levels of the o’ state must be ruled
out as a possible source. The ¢32" state was mentioned
by Slanrer and Black as a possible cascade source,
However, the only estimate of a lifetime for the 32"
state® indicates that the ¢3Z" is too short lived to be the
source of this cascade, Currently we are undertaking a
study of the ¢3Z" state and our preliminary results con-
firm Slanger and Black’'s estimate for the lifetime cf the
e state. Therefore this work indicates that either a new
triplet state exists or, more probably, that the /'S or
D'a cascades into the d%a state,

To check for a possible instrumental error, the ampli-
tude ratio of the prompt and cascade decay components
were measured as a function of the excitation pulse
width, To determine the theoretical effect that the exci-
tation pulse width should have oun the ratio of the prompt
decay amplitude to the cascade decay amplitude, we
need to solve the rate equaiions for a two level system.
At the time of cut-off T, the ratio of the prompt decay
amplitude A, to the cascade decay amplitude A, is
given by

A, A [Q,,~A ] 1—e“#f]
pied AT B ¥ T A W I el ,
A, [Qc( X, ) {1—5*"

where @, and @, are the production cross sections for
the prompt and cascade levels. The pressure dependent
transition probabilities, 2, and A, are given by ;== A,

+ Nyo,U where A; is the Einstein coefficient, N is the

a-%,
-,
7 X0 -2,
1.5 V=4 P
{ _ _,,.¢J—'*’l’1
1.0 #e{,*"" l

r . L A”’*f

—t
e 0

05 ’ ]

2 4 9 8 D 2 v 5 .8 20 .0s
PRESSUPE  vTur?)

FIG. 4, Recivbroenl lifetimes vs pressure for the cascade
feading the . A (* - 1,3) levels of CO. The respective sub-
bandi eomthred are as follos s a 28, (BUSE, 3524 .\) @'y,
(5030, 3617 ., and w33, ¢ann, Guio Ay,
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FIG. 5. Plot of the ratio of the measured amplitudes of tiie
prompt and cascade decay mades vs the calculated ratio of the
amplitudes as a function of the excitation pulse width, I. The
pulse width was varied from 6850 us.
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population of the ground state, v is the mean velocity of
the gas, and o, is the quenching cross section of the
particular level of interest, The pressure dependent
transition probability )., describes the particular trans-
fer from the cascade state directly to the prompt state,

If the observed casecade is real, a plot of the ratio of
the measured amplitudes 4,/A,, versus the calculated
ratio of the amplitudes as a function of the excitation
pulse width, (1 -¢*7)/(1 ~ ¢7%T) will yield a straight
line. The plot in Fig. 5 indicates the cascade is real
and rot an artifact. However, until further work is con-
cluded, the slope of this graph cannot be interpreted, as
both the production cross section @, and the pressure
dependent trunsition probability ., from the unknown
state to the d°a state are not known,

Two conclusions may be drawn from this work. First,
the 3.31 subbands are perturbed as previously reportedé !
and this perturbation allows a small mixing with the A
to take place so that a small but measurable branching
occurs to the ground state, This perturbation only
affects the 3a, subband and is not seen for the %a, and
35, subbands, consistent with the aAQ=0, & 1 selection

6139

rule, Because of this rule, Vun Sprang ¢! al.’ should
not have scen, and did not see, this perturbation, How-
ever, the strong J coupling reported earlier® appears to
have been the result of spectral overlap with the
B3 =0)~ AN = 3) transition which is only 15 4
away from the center of their 20 A bandpass filter.
This spectral overlap with the B!=* state is probably
also the source of the fast decay reported by Fowler and
Holzberlein, !

Second, we can conclude that cascades are present.
However, the cascade is not due to the two mechanisms
discussed earlier. We will have to wait for further
work to identify the source of the cascade but we can
estimate its threshold to be between 7.8 and 9.8 eV
since it feeds both the d3a and the ¢32" states.

'R. G. Fowler and T. M. Helzberlzin, J. Chem. Phys, 45,
1123 (1966).

T, Weattnk Jr., E. P. Marram, L. Isaacson, and R. J.
Spindler, AFWL Tech, Rpt, 67-30, Vol, 1, November, 1967.

3T, G. Slanger and G. Black, J. Chem, Phys. 58, 194 (1973).

‘g. Phillips, L. C. Lee, and D. L. Judge, J. Chem. Phys.
65, 3118 (1976).

5. A. Van Sprang, G. R. Mohlmaan, and F. J. de Heer,
Chem, DPhys. 24, 429 (1977).

*T, G. Slanger and G. Black, J. Chem, Phys. 58, 3121 (1972,

P, K. Caroll, J. Chem, Phys. 36, 2861 (1962),

8p. 1. Krupenie, Natl. Stand. Ref. Data Ser. Natl, Bur,
Stand, 5 {1966).

. D. Simmons, A. M. Bass, and S. G. Tilford, Astrophys.
J. 153, 315 (1969),

G, Herzberg, T. J. Hugo, S. G. Tilford, and J. D. Simmoas,
Can, J. bhys. 48, 3004 (1970).

UT, G. Slanger and G. Rlack, Chem. Phys. Lett. 4, 558
(1970), )

2r, G. Slanger and G. Black, J. Chem. Phys, 64, 219 (1976).
¥, G. Slanger and G. Black, J. Chem, Phys. 48, 536 (1969).

S, Chung and €. C. Lin, Phys. Rev., A9, 1831 (1671),

T, A. Carlsen, N, Durie, P, Erman, and M. Lars<on, Z.
Phys. Teil A 287, 123 (1978).

"D, E. Golden, D. J. Burns, and V. C. Suteliffe, Phys. Rev.
A 10, 2133 (3974).

Y. R. Twist, W. C. Paske, T. O, Rhymes, G. N. Haddad,
and D. E. Golden, J. Chem. Phys. T1, 2345 (1979}.

J. Chein. Phys., Vol. 72, No. 11, ¥ June 1980

ey

A TE-C VR R T

[Pyt

S

e -\

[ P HE L

R

D 0 ot a e @~ e e —

D o e g




